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ABSTRACT. 


Lithium minerals, especially spodumene, are typical of many of the 
pegmatites along the margins of a granitic stock in LaCorne Township, 
north of Val D’Or, Quebec. Recent diamond drilling has shown some 
interesting features in the structure and composition of these dikes. 

The majority of the dikes strike nearly parallel to the nearest part of 
the granite contact and dip toward the center of the stock. They occur 
both within the granite and just outside it in basic lavas or sediments. 

The unusual feature of their composition is the uniformity in texture 
and average percentage of the spodumene in individual dikes. One series 
of such dikes on the north side of the stock shows an average spodumene 
content of about 25 percent. The crystals are arranged in a parallel pat- 
tern normal to the walls and are accompanied by feldspars, quartz, and 
minor amounts of beryl and tantalite. The texture of the more consistent 
dikes is finer than is usually seen in pegmatites. These finer-grained, 
uniform dikes are usually close to the granite contact, while those closer 
to the center of the stock are more variable in texture and spodumene 
content and contain more beryl. 

No evidence has been seen that the present minerals were formed by 
replacement of earlier minerals in the dikes. 


INTRODUCTION. 


Tus paper deals with some spodumene pegmatite dikes in the Precambrian 
of northern Quebec which were diamond drilled recently and which showed an 
unusual uniformity of composition and texture and certain other features of 
interest. The pegmatites were first discovered by Mr. F. Chubb, a prospec- 
tor with a long experience in prospecting for pegmatitic minerals, on claims 
acquired by a subsidiary of Ventures Limited. The ground is heavily cov- 
ered with glacial drift and most of the geological information is derived from 
the examination of drill cores. 

The occurrence is just south of Lortie Lake on the northern boundary of 
LaCorne Township, about 21 miles north of Val d’Or and 54 miles east of 
Noranda. In this area there is an intrusive stock about 12 miles from north 
to south and 16 miles from east to west (Fig: 1). The stock is predominantly 
acid and sodic but is a composite mass consisting of some basic phases and some 

1 Paper presented to the Petrology Section at the Annual Meeting of the Geological Society 
of America, New York, 1948. 
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Fic. 1. Plan showing the LaCorne Batholith. The Corne lithium deposit lies 
at the contact of monzonite (X-Li) and lavas, just south of blank area in upper 
right. 
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acid phases which include hornblende-monzonite and syenite, biotite-granodio- 
rite, biotite and muscovite granite.* It covers the greater part of LaCorne 
Township and part of the adjoining township of LaMotte. The stock is in- 
trusive into basic lavas, tuffs and metamorphosed sediments of probable Kee- 
watin and later age. The stock itself is presumed to be of Algoman age. 
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Fic. 2. North LaCorne spodumene claims, projection of main dikes. 

This stock is characterized by an abundance of pegmatite dikes. The ma- 
jority of these, particularly near the central portion of the mass, are the com- 
mon quartz-feldspar-mica type, but quite a number contain appreciable propor- 
tions of spodumene, lepidolite, beryl, tantalite and molybdenite. These oc- 
currences in general have been described by Dr. G. W. H. Norman and L. P. 
Tremblay in reports for the Geological Survey of Canada * * and the reader is 

2 Norman, G. W. H., LaMotte Map-Area, Abitibi County, Quebec: Canada Geol. Survey 
Pap. 44-9, 1944. 


3 Tremblay, L. P., LaCorne Map Area, Abitibi County, Quebec: Canada Geol. Survey Pap. 
47-8, 1947. 
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referred to these reports for details of the intrusive stock and the general distri- 
bution of its pegmatite derivatives. The dikes containing the rarer minerals 
are concentrated near the margins of the main intrusive and Tremblay finds 
evidence of a rough zoning with dikes containing beryl nearer the centre of 
the mass, those containing more spodumene nearer the margin and those with 
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Fic. 3. Vertical cross-section. 


molybdenite still closer to the margin or outside it. In the northern portion 
of the stock, to which this study is confined, molybdenite is absent but it was 
observed that dikes with a high spodumene percentage are best developed near 
the rim of the stock (partly outside it) while dikes slightly further inside the 
stock are characterized by the presence of beryl and by an erratic content of 
spodumene. 
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Most of the observed dikes containing lithium minerals are found to strike 
roughly parallel to the nearest part of the main intrusive contact and to dip in 
the direction of the centre of the mass. 


THE DIKES ON THE LACORNE LITHIUM PROPERTY, 


About ten separate dikes were cut in the diamond drilling on the LaCorne 
Lithium property. A few of the narrower dikes are of the simple, quartz- 
feldspar variety but the majority, and all those over ten feet in width, are of the 
spodumene-bearing class. Three of the latter (marked “A,” “B,” and “C” on 
the accompanying plans and sections) are wide and persistent enough to be 
traced from one hole to another with reasonable confidence. The picture 
built up from the drill core data shows a series of parallel dikes striking 60 to 
70 degrees west of north (nearly parallel to the main granite contact in this 
area) and dipping southerly at 40 to 60 degrees. The dikes cut andesite lavas 
and tuffs near surface but pass into the main granite or granodiorite mass on 
the dip. It may be noticed that the dikes, in the vertical plane, are almost 
normal to the contact of the granitic mass. No noticeable change in composi- 
tion occurs as the dikes pass from the volcanic rocks into the granite. There 
is a suggestion of an increase in spodumene content in the deeper intersections 
but there are insufficient examples of dikes cut at two levels to draw any re- 
liable conclusions on this point. Judging from the examples of pegmatite 
dikes seen on surface further inside the granitic mass it might be expected that 
if a dike were followed very far down the dip into the body of the granite the 
spodumene content would become more variable and the presence of beryl 
would become more noticeable, although forming only a small proportion of 
the whole. 

Composition of the Spodumene-bearing Dikes.—Detailed studies of the 
proportions of minerals present have been restricted to the three most per- 
sistent dikes mentioned above. In general appearance the material of these 
dikes is white to cream in color, relatively finely crystallized (for pegmatites ) 
and shows a “grain” due to the arrangement of spodumene crystals roughly 
normal to the walls of the dike. A calculation based on the proportions of 
minerals recovered in mill tests, and allowing for the proportions of these 
minerals “lost” in fines, slimes, magnetic waste, etc., gives the following average 
mineral content :— 


Percent 
Feldspars 51 
Spodumene 25 
Quartz 23 
Accessory minerals, including muscovite, magnetite, and 
tantalite 1 or less 
100 


Within an individual dike intersection there is considerable variation in 
the proportions of the three minerals from place to place. There is, however, 
no consistent concentration of spodumene, for example, on either wall or in 
the center. The surprising feature is that in spite of local variation in mineral 
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composition from one part to another within a dike intersection, the total 
mineral content from one wall to the other remains remarkably uniform both 
as regards different intersections in one dike and in comparing one dike with 
another. This unformity is brought out in Table I. 

In studying Table I a word of explanation should be given with regard to 
the method of mineral separation and the reasons for it. From the economic 
point of view a straight lithia analysis is of only limited value since, if any 
method of mechanical concentration is to be used, only the recoverable portion 
of the lithia is of value. Previous to the diamond drilling a milling test had 
been run on a bulk sample from a surface exposure of dike “A”. A satisfac- 
tory method of separation by two-stage flotation was worked out by Mr. B. D. 
Weaver and Mr. E. Foster under which separate concentrates of spodumene, 
feldspar, and quartz were obtained. Briefly this method consisted of grinding 
to 35 mesh, removing the — 200 mesh fines (these being too fine for flotation), 
passing the remainder over a magnetic separator to remove the small amount 
of iron-bearing minerals, floating off a spodumene concentrate, re-conditioning 
the remainder and re-floating to obtain a feldspar concentrate, leaving behind 
a clean quartz concentrate as tailing. When it came to analyzing the drill core 
it was decided to take the entire core of each complete dike intersection, from 
wall to wall, and submit it to a separation test similar to that described. 
Chemical analyses were later carried out on composite samples of the products 
of the separation. Table I shows the results of the individual separation tests 


TABLE I. 


NorRTH LACORNE DIAMOND DRILL CORE—SEPARATION TESTS. 
Percent Weights of Test Products. 


Dike ao DDH Spodumene Feldspar cleaner | Quartz cleaner | Fines, magnetic 
=e ee | — cleaner conc. "I conc. con | waste, etc. 
—— 1 | 21.32% 32.44% 18.21% 28.03% 
a 2 21.74 34.56 | 19.76 23.94 
Pa | 3 16.62 39.15 18.58 25.65 
“A” 4 19.07 37.34 21.12 | 22.47 
a) 5 19.58 31.64 21.12 | 27.66 
—_ 6 20.41 34.45 22.58 | 22.56 
“— Average (Weighted) 19.6 34.51 20.65 | 25.05 
“Br 3 17.39 31.09 | 21.55 29.97 
“—_ 4 22.59 34.27 17.55 | 25.59 
‘“B" Average (Weighted) 18.80 31.80 | 20.45 28.95 
a 1 24.41 28.92 20.11 26.56 
“eS (F) 2 26.31 | 34.20 14.93 24.56 
“ 3 14.75 } 35.35 21.56 28.34 
ae ASD 4 25.16 33.59 17.53 23.72 
mp 5 22.77 36.40 16.70 | 24.13 
—— 6 20.53 34.66 | 22.72 | 22.09 


| Be wed 
“C" Average (Weighted) 22.31 34.06 | 19.38 | 24.90 





Total Average (Weighted) 20.46 | 33.91 20.06 25.60 
| | 
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TABLE II. 


LACORNE LITHIUM MINES LIMITED. 
Partial Analyses of North Lacorne Pegmatite (‘‘A’’ Dike) Bulk Sample. 


| FeO: | 





| 


| 
| 
LixO | Na:O | K:0 . Al:O3 | SiO: | and | cao | MgO | Mn 
| TiOs | 
| 
Total pegmatite 1.64% 5.02% | 1.479 | 17. 7.21 %| 73.05%) | 0.23% 2 29%| 0.48%| 
Spodumene concentrate 5.86 2.98 0.79 | 25. 34 | 64.92 | 0. 30 0.23 | 0.029 | 0.08 
Pure spodumene 6.74 | 
(calculated) } | | | | 
Feldspar concentrate 0.46 |9.98 4.06 |19.64 | 67.80 | 0.034 | 
Quartz concentrate | | 2.49 |95.12 {0.01 | | 
Mag. waste, slimes, etc. 2.11 | 19.42 | | | 


(calculated) 


' 


Proportion and Purity of Concentrates. 


Mineral content by count 











Type of concentrate ie of sol fee es ee 
| | stcanensat Ponger | Quartz 
ae Se = pare PRR SES ee [a 
Spodumene concentrate 18.15% 84.2% | 11.4% | 44% 
Feldspar concentrate 44.28 Trace | 90.8 9.2 
Quartz concentrate 19.96 Trace iy 98.3 
Mag. waste and slime 17.61 40.0 ? 45.0 ? 15.0 
100.0 


Distribution of Lithia. 


-_ Res 
Percentage of lithia in total pegmatite 1.64% . = 

Proportion in : aniailnde ne concentrate 5.86 of 18.15 1.065 | 64.9 
Proportion in feldspar concentrate 0.46 of 44.28 | .203 12.4 
Proportion in quartz concentration Nil 
Proportion in mag. waste and slime 2.11 of 17.61 | .372 22.7 

| | eeliniats 

1.64 100.0 

| 

on each dike intersection. For simplicity the — 200 mesh fines, the magnetic 


waste and cleaner tailings at two stages, have been grouped together under 
onecolumn. This total “lost” material (which would be re-treated in practice) 
contains a somewhat higher spodumene percentage, lower quartz, and about 
the same feldspar percentage, as the original untreated pegmatite. The table 
is reproduced to bring out the surprising uniformity in all three mineral col- 
umns, both within an individual dike and between one dike and another. 

Distribution of Lithium.—The distribution of some of the minerals and ele- 
ments present, and of lithium in particular, is shown in Table II. From this 
it may be seen that although the greater proportion of lithium is present in the 
spodumene concentrate some appears in the magnetic waste and slimes and in 
the feldspar concentrate. That in the magnetic waste and slimes is mainly 
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also in the form of spodumene but in crystals or fragments too fine to be re- 
covered by flotation. The lithium present in the feldspar concentrate, how- 
ever, seems to be actually a component of the plagioclase feldspar itself. 

It should be noted in Table II that these figures are based on mill tests 
of a bulk sample from a surface pit and vary slightly from the proportions in 
the average of drill core samples quoted in Table I. Attention is drawn to the 
fact that 12.4 percent of the total lithium present is retained in the feldspar 
concentrate and, for reasons mentioned below, it is believed that this lithium is 
actually a component of the plagioclase feldspar crystals. 


CHEMICAL AND MICROSCOPIC DATA ON MINERALS PRESENT. 
Spodumene. 


Megascopic.—The mineral occurs in small, log-shaped crystals of smaller 
size than usually seen in spodumene, the crystal diameters rarely exceeding one 
third of an inch and going down to microscopic dimensions. The crystals show 
a parallel arrangement roughly normal to the dike walls. The color of the 
spodumene in these dikes is white to cream (indicative of a low iron content) 
as opposed to the green color more commonly seen in the district. 

Microscopic-——The mineral is seen as log-shaped crystals with rather ragged 
terminations. There are indications of resorption at the terminations es- 
pecially where these are in contact with fresh plagioclase feldspar. 

Chemical—An analysis of the spodumene concentrate gave the following 
results : 





P " . - Fe20; and 
LixO | NaxO | K:20 | AlsOs | SiO: TiOs 





CaO | MgO | Mn 








0.23 0.029 0.08 


5.86 | 2.98 | 0,79 | 25.34 | 64.92 0.30 
| 








Remarks.—A microscopic count of this spodumene concentrate by L. P. 
Tremblay showed 84.2 percent spodumene, 11.4 percent feldspar and 4.4 per- 


cent quartz. A recalculation of the lithia content of the pure spodumene gives 
a figure of 6.74% Li,O. 


Feldspars. 


Megascopic-—The feldspars in the spodumene-bearing dikes under dis- 
cussion are usually white to cream while pink feldspar is of relatively rare 
and patchy occurrence. The grain-size is generally. small and the crystals 
poorly developed. None of the forms typical of cleavelandite were seen. 

Microscopic-—The most common feldspar seen under the microscope is an 
acid plagioclase with an extinction angle on the twinning planes of about 11 
degrees, rarely going up to 15 degrees. Orthoclase, and more rarely micro- 
cline, were seen in only one thin section but were noted in microscopic exami- 
nation of the feldspar concentrate. 
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Chemical.—A complete analysis has not been carried out on the feldspar 
but a partial analysis on the feldspar concentrate gave the following results: 








LixO Na:O | K:0 AlzOs SiOz Fe2O; and TiOz 














| 
0.46 9.98 | 4.06 19.64 67.80 0.034 





Remarks.—Protessor A. Moorhouse, after microscopic examination and 
a study of the chemical data, concluded that the plagioclase feldspar was mainly 
an albite-oligoclase having an Ab: An ratio of about 90:10. The ratio of 
sodic to potassic feldspar appears to be about 5:1. 

The most surprising feature in the above chemical analysis is the lithia 
content of 0.46 percent, which was checked with some care. For so light an 
element as lithium this is.a surprising figure when it is remembered that even 
pure spodumene contains only 5 to 8 percent lithia. Microscopic examination 
of the concentrate showed no appreciable spodumene present, nor any mica 
that could indicate lepidolite. Amblygonite is not easy to identify in fine 
grains so a chemical test for phosphorus was run to see if the lithia might be 
carried in the form of this mineral. The test showed phosphorus to be only 
between 0.002 and 0.005 percent which proves that the lithia content could 
not be present as amblygonite. One is driven to the provisional conclusion 
that the lithia in the feldspar concentrate is one of the components of the 
plagioclase feldspar itself. It will, however, be necessary to carry out analyses 
on picked crystals before this conclusion can be accepted without reservation. 


Quartz. 


Megascopic.—Quartz occurs in irregular, small patches of a clear, yellow- 
ish-gray color. It is never idiomorphic. 

Microscopic—Under the microscope the quartz is seen to form a mo- 
saic of crystals slightly smaller than the feldspar crystals. There is not very 
much evidence of crushing and recrystallization. 

Chemical.—The quartz concentrate, in a mineral count, showed 98.3 per- 
cent quartz grains and 1.7 percent feldspar. A partial analysis, however, 
showed from 95 to 97.4 percent silica and from 1.35 to 2.49 percent alumina. 


METHOD OF EMPLACEMENT. 


Previous studies of pegmatites containing lithium and other relatively 
rare elements by Schaller,* Hess,° Landes,* Derry,’ and others have indi- 


4 Schaller, W. T., The genesis of lithium pegmatites: Am. Jour. Sci., 5th ser., vol. 10, pp. 
269-279, 1925. 

5 Hess, F. L., The natural history of the pegmatites: Eng. and Min. Jour., vol. 120, pp. 
289-298, 1925. 

6 Landes, K. K., The paragenesis of the granite pegmatites of central Maine: Am. Mineralo- 
gist, vol. 10, no. 11, pp. 355-411, 1925. 

7 Derry, D. R., The genetic relationships of pegmatites, aplites, and tin veins: Geol. Mag., 
vol. 68, no. 808, pp. 454-475, 1931. 
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cated that in many cases these minerals have grown by replacement of a 
pre-existing mineral assemblage, generally following a previous replacing 
“flood” of albite. In such cases the albite is commonly of the cleavelandite 
variety and shows evidence of its replacing character by forming pseudomorphs 
after microcline or orthoclase. The rarer minerals show evidence of having 
grown in the cleavelandite assemblage forming good crystals. Further evi- 
dence of the replacement origin may be shown by the erratic distribution of 
the rarer minerals within the dike and of unreplaced patches of the original 
potassic dike material. 

In the LaCorne dikes under discussion none of the above features are seen. 
The feldspar is not a pure albite but is albite-oligoclase and does not show the 
crystal forms typical of cleavelandite nor does it show any positive evidence of 
having replaced potash feldspars or other minerals. The spodumene crystals, 
far from showing evidence of replacing the albite-oligoclase, have been par- 
tially resorbed at their terminations before or during the crystallization of the 
latter. Instead of occurring in patchy concentrations the spodumene crystals 
are rather evenly distributed throughout the dikes, and show a parallel orien- 
tation relative to the dike walls. From the above evidence it would appear 
that the mineral assemblage crystallized directly from the melt, first the 
spodumene, then the feldspar followed by quartz. If replacement played any 
part in the formation of these dikes its role appears to have been relatively in- 
significant. 

25 Kine Street WEst, 

Toronto, CANADA, 
November 3, 1949. 
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ABSTRACT. 


The most important Mexican iron ore deposits occur along the Pacific 
slope of the continent and, sporadically, in the northeastern and central 
parts of the high plateau. Intrusive and extrusive igneous rocks (prin- 
cipally granite, granodiorite, monzonite, andesite, and rhyolite) of dif- 
ferent.ages, and marine sediments mainly of Cretaceous age, are the pre- 
dominant host rocks. 

Genetically, the deposits are of three types: (1) replacements (mainly 
hematite, martite, and magnetite), (2) contact metasomatic deposits 
(magnetite and hematite), and (3) residual deposits formed by weather- 
ing of iron orebodies and of basic rocks (ochre useful as pigment). 

The deposits may be placed in four size groups, which, in decreasing 
order of reserves, are: (1) deposits containing 15-25 million tons of ore, 
(2) those with 5-10 million tons, (3) others with 1-4 million tons, and 
(4) deposits that contain less than 1 million tons. 

This paper is accompanied by maps that show the general geographic 
distribution of the iron ore deposits and by several detailed maps and a 
production table. 


INTRODUCTION, 
MeExico’s most important iron ore deposits occur sporadically along the Pa- 
cific continental slope and over the northeastern and central part of the high 
* Presented at the XVIIIth International Congress, London, 1948. 
1 Acting Director, Instituto de Geologia, Universidad Nacional Auténoma de México, México, 
D. F. 
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plateau. Several consist of large orebodies broken into blocks by faulting. 
Others grade at depth into copper deposits, in which appear both simple and 
double sulfides (pyrite and chalcopyrite), which are in part gold-bearing. 
Ore deposits containing only iron are rare in Mexico. 

Most of Mexico’s iron deposits were formed either by replacement or by 
contact metasomatism. Secondary deposits have resulted from weathering 
and transportation of the exposed parts of orebodies, giving rise to residual 
and alluvial deposits. Some of the residual deposits contain ochre suitable 
for use as mineral pigment. 

In Figure 1 the iron deposits are listed by name and divided into four size 
groups: (1) deposits with potential reserves of 15 to 25 million tons; (2) 
those with 5 to 10 million tons; (3) others with 1 to 4 million tons; and (4) 
smaller deposits that have reserves of less than 1 million tons. As indicated 
on this map, the industrially important iron deposits are few in number, and 
only those of the first and second magnitudes have provided any significant 
part of the total production. 

Because of the increasingly urgent demand of the Mexican metallurgical 
industry for iron in the past few years, an unusual stimulus has been given to 
the search for new deposits, as well as for coal,? an element indispensable to 
such an industry. Investigations of the iron deposits have been undertaken 
to determine their commercial value and their reserves. Three institutions 
have sponsored this work: the Comité Directivo para la Investigacion de los 
Recursos Minerales de México, the Instituto de Geologia de la Universidad 
Nacional Autonoma, and the Banco de México.’ Much work remains to be 
done, including geologic mapping, drilling and sampling, and geophysical ex- 
ploration in iron-bearing districts. 

The writer wishes to express his gratitude to Carl Fries, Jr., geologist of 
the U. S. Geological Survey, for his critical review of the present report and 
the preparation of the text in English.+ All the ideas expressed by the writer 
are not necessarily in accord with those of this geologist. 


BRIEF GEOLOGIC AND OROGENIC HISTORY OF MEXICO, 


Mexico is far from having been sufficiently explored and studied geologi- 
cally. In the following paragraphs the geologic and orogenic history of the 
country is reviewed briefly and related, where possible, to the origin of the 
iron deposits. 

Precambrian—The Precambrian sedimentary and orogenic history is 
virtually unknown, and many problems have yet to be solved before this early 


2 Wilson, I. F., and Rocha, V. S., Los yacimientos de carbén de la regién de Santa Clara, 
Municipio de San Javier, Estado de Sonora: Com. Direc. para la Invest. de los Recursos 
Minerales de México, Bol. 9, pp. 1-108, 1946. 

8 Gonzalez, Reyna, Jenaro, Riqueza minera y yacimientos minerales de México: Monografias 
Industriales del Banco de México, S. A., pp. 230-244, 1947. 

Torén Villegas, Luis, and Esteve Torres, Adrian, Estudio de los yacimientos ferriferos de 
México; II. Yacimientos del grupo del norte: Monografias Industriales del Banco de México, 
S. A., 1946. 

Torén Villegas, Luis, and Esteve Torres, Adrian, Estudio de los yacimientos ferriferos de 
México; III. Yacimientos del grupo del Pacifico norte: Monografias Industriales del Banco de 
México, S. A., 1947. 
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Fic. 1, Index map of Mexico showing distribution of iron deposits. 


Name 
First magnitude 
Cerro de Mercado 
Las Truchas 
Santa Maria Zaniza 
El Mamey 
Piedra Im4n 
El Plutén 
La Esperanza 
Second magnitude 
La Perla 
Totolapilla 
Chanquiahuil 
San Carlos 
Hércules 
Las Aguilas 
San Pedro 
Third magnitude 
Piscilia 
El Capiro 
Vaquerias 
Saltzer 
Aurora 
El Carrizal 
Rincén de Chila 
Guadalupe 
Tepustete 
La Negra 
El Acero 
Tecpan 
Comanja 
El Ciprés 
Piedra Iman 
Ferrerias 
El Recibimiento 
San José 
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Name 
Fourth magnitude 
Agua del Monte 
La Mora 
Choix 
Cerro del Mercado 
San Isidro 
Manila Hill 
Rosarito 
Rio Conchos 
El Saturno 
Las Papayas 
Santa Elena 
Encarnaci6n 
Las Cuevas 
Anillo de Hierro 
El Carrizal 
Matacristos 
Matamoros 
Guayabo Agrio 
Rancherias 
Tlaxiaco 
La Chorrera 
El Titan 
Los Tacotes 
Guadalupe 
Nizaduga 
Cola de Zorra 
San Pascual 
La Reyna 
Lechuguilla 
El Salto 
El Burro 
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Zacatecas 
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| Jalisco 
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México 
Veracruz 


| 


tonnage* 





Possible 


* Possible tonnages are those given officially by the Direcci6n General de Industrias Extracti- 
vas of the Secretaria de Economia Nacional. 
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history can be deciphered even roughly. Precambrian rocks occur largely in 
the western and southern parts of Mexico, from Sonora to Oaxaca and 
Chiapas. They are represented mainly by gneiss and crystalline schist. 
These rocks are intruded in many places by feeders for the Tertiary and 
Quaternary extrusives that cover a large part of the plateau. The old marine 
sedimentary formations are metamorphosed and strongly folded, forming a 
great anticlinal structure called the Southern Geanticline (Fig. 2), which 
strikes almost parallel to the coast in a general northwesterly direction. 

Among the more important iron deposits found in or near this geanticline 
(Fig. 2) are those at Santa Maria Zaniza, La Esperanza, Las Truchas, El 
Mamey, and El Pluton, of the first magnitude; and those at Totolapilla, 
Chanquiahuil, and Las Aguilas, of the second magnitude. 


“ 2° oe woe? oo” o* o* oe* 
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Fic. 2. Map of Mexico showing relation of principal iron deposits to axes of main 
geanticlines and geosynclines. 


Paleozoic-——The Paleozoic orogenic history, although less obscure than 
the Precambrian, is still little known. Orogeny seems to have begun toward 
the end of the Cambrian, or during the Ordovician, and to have lasted on into 
the Permian, although it cannot be stated definitely just when mountains were 
formed during this era. 

Some geologists believe that diastrophism occurred at the end of the 
Paleozoic in the Mexican Geosyncline (Fig. 2), which follows the length of 
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the country in a northwesterly direction. Burckhardt believes that this 


-orogeny was of considerable importance and extent.* 


Recent studies in the Municipalities of Altar and Caborca, Sonora, have 
shed much light on the stratigraphy ° and structure of this area.6 They have 
proved the presence of Lower and Middle Cambrian, Devonian, Lower and 
Middle Mississippian, and Middle Permian rocks. It was possible to measure 
a section of Precambrian and Mesozoic rocks (Triassic and Lower Cretaceous) 
that is over 7,000 m thick. 

These studies have shown that the formations west of Altar are faulted but 
not overturned, and that the hills are essentially homoclinal in structure. 
Regional and local uplifts may have given rise to the more or less erratic dis- 
tribution and attitude of the present blocks, some of which may have sunk. 
This was not essential, however, for the intrusion of magmas could have 
produced these displacements. 

The Western Geanticline crosses this region, and in it occurs the El Volcan 
iron deposit (Fig. 2), which is of the first magnitude. 

Triassic—According to Schuchert,’ orogeny in Triassic time was merely 
a continuation of Permian orogeny. The strata of Zacatecas prove con- 
clusively that movements affected the Mexican Geosyncline during Triassic 
time. Between the Central Plateau physiographic province and the Western 
Geanticline occurs the Cerro de Mercado deposit, which is the foremost iron 
deposit in the Republic. 

Jurassic—During the Jurassic, the great geosyncline that later became the 
Rocky Mountains in the United States began to form. The old highland was 
submerged at both ends, and in late Jurassic time the northern basin was 
separated from the Mexican Geosyncline by a positive area. The Mexican 
Geosyncline was a negative area of great importance and might be considered 
as the southward extension of the North American geosyncline. Farther 
west, local orogenic movements occurred, particularly during late Jurassic 
(Portlandian) time. 

Toward the end of the Jurassic or during the early Cretaceous, great batho- 
liths of granitic and monzonitic rocks were intruded in the western United 
States and the Baja California peninsula. The iron deposits of this peninsula, 
which are located in the sub-province of Ensenada, show a marked genetic re- 
lationship to these intrusions. These deposits are the Guadalupe, Tepustete, 
San Isidro, Manila Hill, and Rosarito (Fig. 2). 

In Jurassic-Cretaceous rocks occur the Piedra Iman, La Carmen, Las 


Animas, and El Sol y La Luna deposits, located near Concepcion del Oro, 
Zacatecas. 


4 Burckhardt, Carlos, Etude synthétique sur le Mésozoique mexicain: Soc. Paléont. Suisse 
Mém., vol. 49, p. 7, 1930. 

5 Cooper, G. A., and Arellano, A. R. V., Stratigraphy near Caborca, northwest Sonora, 
Mexico: Am. Assoc. Petroleum Geologists Bull., vol. 30, no. 4, pp. 606-611, 1946. 

6 Arellano, A. R. V., Noticias geolégicas del Distrito de Altar, Sonora: Soc. geol. mexicana 
Bol., tomo 12, no. 1, pp. 5-11, 1946. 

7 Schuchert, Charles, Historical geology of the Antillean-Caribbean region, or the lands 


bordering the Gulf of Mexico and the Caribbean Sea, p. 131, John Wiley & Sons, New York, 
1935. 
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Cretaceous.—Cretaceous formations cover great areas of Mexico, particu- 
larly the continental slope toward the Gulf of Mexico and the southern part of 
the country. Mexican geologists separate this systern into Lower, Middle, and 
Upper Cretaceous. . 

The Lower Cretaceous rocks are folded and faulted. The folds are open 
and their axes have varying strikes and dips, although the dominant strike is 
northwest and the axial planes dip steeply southwest. 


PRODUCTION OF IRON ORE AND PiG IRON IN MExIco, 1903-1946.* 


Year Iron ore; met. tons Pig iron;** met. tons 
1903 9,932 21,553 

1904 23,434 35,622 

1905 19,674 4,388 

1906 31,062 25,319 

1907 23,082 16,238 

1908 23,555 16,872 

1909 48,656 58,859 

1910 54,698 45,095 

1911 63,965 71,337 

1912 57,832 32,590 

1913 12,758 11,712 

1914 ~- — 

1915 1,714 —_ 

1916 19,981 — 

1917 19,119 12,266 

1918 25,891 20,806 

1919 30,904 20,843 | 
1920 26,034 15,480 | 
1921 34,110 41,540 | 
1922 41,574 23,769 

1923 50,694 44,311 
1924 52,448 19,485 , 
1925 127,492 49,373 

1926 92,982 60,660 

1927 64,000 40,415 

1928 80,293 48,848 

1929 112,749 60,230 

1930 106,979 57,826 

1931 65,156 52,926 

1932 27,122 20,382 

1933 77,714 53,539 
1934 133,421 66,458 | 
1935 116,260 64,139 

1936 146,783 88,032 

1937 158,421 57,677 

1938 125,733 98,376 

1939 154,050 99,626 | 
1940 132,014 93,179 

1941 152,600 94,619 

1942 160,286 99,960 

1943 137,936 147,059 

1944 186,961 134,632 

1945 288,322*** 218,322 

1946 293,725*** 282,333 

Totals 3,612,116 2,526,696 


* Official data of the Direccién General de Industrias Extractivas of the Secretaria de Eco- 

nomfa Nacional. | 
** Production of pig is obtained from ores, scrap, and slag. 
*** Figures subject to correction. | 
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During the Cretaceous, the invasion of the continent by the ocean, which 
began in the Jurassic, continued and reached its maximum, the waters of the 
Mexican Geosyncline joining those of the Gulf of Mexico. This invasion 
took place in a period of general inundation rather than in an orogenic period, 
and at that time a narrows was formed, today occupied by the Balsas River, 
which connected the Gulf of Mexico with the Pacific Ocean. 

The most common Middle Cretaceous rocks consist of limestones, which 
in some places are intruded by igneous rocks which formed halos of contact 
metamorphism in the sediments and gave rise to some of the iron deposits of 
northwestern Mexico. 

Orogenic activity was apparently slight in the early part of late Cretaceous 
time, but toward the end of the Cretaceous, starting with the Senonian, this 
activity was strong and resulted in the formation of great parallel anticlinal 
folds oriented northwest to north and separated by open synclines which 
formed valleys that were later filled with detrital material. It was during 
this period of folding when the structures were formed that are occupied by 
the majority of Mexican ore deposits, and when the igneous rocks were 
intruded that are so closely related in origin to the iron deposits. 

In this last part of the Mesozoic, the important mountain ranges of western 
North America were formed. Southward these become the Mexican ranges, 
where, in the northeastern part of the country, such important iron deposits of 
the second magnitude as the Hércules, La Perla, and San Carlos occur, and 
those of Monclova and El Carrizal of the third magnitude. 

Cenozoic.—As the oceans receded, toward the end of the Cretaceous, and 
the strong orogeny of the Laramide Revolution took place, mountain systems 
arose that reached almost their present altitudes, giving the continent nearly 
its present form. 

Orogenic movements continued during the early part of the Cenozoic era, 
possibly continuing until the Eocene and then declining gradually. Subse- 
quently the continent rose and erosion actively carved out the major topo- 
graphic features. Many volcanoes appeared in the period between the Eocene 
and the Pliocene. Many of these erupted extensive basaltic flows. Finally, 
during the Pliocene and Pleistocene, epeirogenic movements produced ele- 
vations of 900 to 1,300 m in the northern part of the country, and of 2,100 to 
3,000 m in the south. 

Erosion during late Tertiary and Quaternary time has uncovered some 
of the primary iron ore deposits, and weathering and removal of the exposed 
ore has given rise to the secondary or residual iron deposits. 


REPLACEMENT DEPOSITS. 


The iron deposits formed by replacement constitute probably the greater 
part of the iron deposits of Mexico, and among these are the most important 
commercial ore bodies. Included in this group are deposits that have formerly 
been considered to have had their origin in some type of magmatic differentia- 
tion and segregation, but which show well defined replacement characteristics 
and are clearly later than the enclosing rocks. Most of these were probably 
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formed by fluid differentiates of basic magmas that crystallized far below the 
site of deposition of the ore bodies. These iron-rich fluids rose through fissures 
in the overlying rocks and deposited iron ores by replacement at favorable 
horizons or when the physical and chemical conditions were appropriate. No 
iron ore bodies that show clearly a syngenetic relationship with the source 
magma and that may be called strictly magmatic segregations are known in 
Mexico. Only a few of the replacement deposits will be described in the fol- 
lowing paragraphs. 

Cerro de Mercado, Durango.—The Cerro de Mercado deposit in central 
Durango is a typical replacement deposit. It is some three kilometers north 
of Durango City, on a hill that rises almost 200 m above the valley of the 
Guadiana River, which is 1,900 m above sea level. The summits of this hill 
are known as La Cruz, Ginés Vazquez, La Bruja, Los Picachos, and Los 
Cantiles. Physiographically, the area is part of the Mexican Plateau (Mesa 
Central). The topography of this part of the State is due principally to 
severe erosion of igneous rocks of varying resistance, and in smaller part to 
faulting, which has occurred in the western part of the valley and has broken 
the ore body into two. A spur of the railroad at Durango serves the deposit. 

The deposit is of the first magnitude and has for some years supplied the 
Mexican iron industry with the greater part of the high-grade ore produced in 
the country. The ore is processed in the plants of the Compafia Fundidora 
de Fierro y Acero de Monterrey, S. A., which is located in the capital of the 
State of Nuevo Leon. 

The deposit is unique in Mexico, for it occurs in silicic extrusive rocks, 
which are of three types: latite, rhyolite, and rhyolitic tuff. Latite is the 
oldest rock and consists of porphyritic, highly vesicular flows with an aphanitic 
groundmass. The vesicles are lined with small corroded quartz crystals cut 
by thin laminae of iron oxide. The phenocrysts are dominantly orthoclase, 
although plagioclase is also present, together with small altered pyroxene 
crystals. 

Rhyolite is the dominant rock in the area and, with the underlying latite, 
forms the bulk of Cerro de Mercado. It is reddish, brown, or yellowish and 
contains numerous quartz phenocrysts and smaller feldspar crystals in an 
aphanitic groundmass, the principal components of which are quartz and 
orthoclase. Thin veinlets of augite occur also in the rhyolite, and less com- 
monly, hexagonal plates of hematite. Small bodies of quartz porphyry in- 
trude the rhyolite and are well exposed in the small gap in Cerro de La Cruz. 

Rhyolitic tuff overlies the rhyolite. It is also fine grained and is generally 
light yellow, although some of it is brick red. Thin sections of samples taken 
on Cerro de la Cruz show the tuff to be made up of small grains of quartz and 
light-green augite, with some loose fragments of muscovite and, more rarely, 
of feldspar. The tuff has been indurated and is well silicified. 

Basalt occurs in the northeastern part of the district, where it covers rela- 
tively small areas; it has no apparent genetic relation to the iron ore bodies. 

The iron deposit consists of large tabular bodies which dip generally west- 
ward and have well defined contacts with the host rock. The thickness of 
these bodies varies from 5 to 65 m according to data obtained while mining 
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the deposit and from exploratory drill cores. Four principal orebodies crop 
out each as a low ridge, the largest of which is nearly 800 m long and 150 m 
wide, with cliffs from 30 to 40 m high. The thickness of this largest ore body 
in few places exceeds 60m. The ore bodies are cut by two principal faults, one 
with a northeasterly strike and the other with a northerly strike. The faults 
may be recognized on the ground by their scarps. One of them lies in the so- 
called “Cordon Rangel.” 

The principal iron minerals in the ore consist of martite—a pseudomorphic 
variety of hematite and the dominant ore mineral—goethite, and limonite; ac- 
cessory minerals are magnetite, apatite, dahllite, and augite. W. F. Foshag ° 
cites a phosphate, related to apatite but not yet described, which occurs in 
small botryoidal masses in cavities in the martite. This phosphate ranges from 
red to bluish lavender in color, and a chemical analysis showed the presence 
of phosphorus, calcium, and faint traces of iron. 

Several theories have been advanced for the origin of the Cerro de Mercado 
iron deposit. 





Manuel Rangel, who was in charge of mining the deposit for many years, 
is of the opinion that its origin is related to a rhyolitic intrusion in the form 
of a dike. This theory is not acceptable, however, for the iron ore bodies are 
not dike-like, but have instead a tabular form and pinch out at depth. 

Leopoldo Salazar Salinas, former Director of the Instituto de Geologia, 
made a detailed study of the deposit and assumed the existence® of a 
deep-seated basic magma chamber located in a folded sedimentary forma- 
tion. Through subsequent movements, sufficient pressure and heat were 
generated to fuse the deepest silicic rocks and to produce a new magma 
chamber of a silicic nature. These two chambers, according to Salinas Sal- 
azar, were superimposed, and to a certain extent their elements mixed. Mag- 
matic differentiation could have occurred later and produced a green rock 
(pyroxenite), whence the iron ore was derived in sufficient quantity to form 
the deposit. 

A. R. Martinez Quintero, who was at one time petrographer for the In- 
stituto de Geologia, attributes '° an intrusive origin to the pyroxene rock that 
envelopes the iron ore bodies. He considers the source of the iron to have 
been a batholith, of which the pyroxenite was a basic phase and which gave 
rise to a border of this rock along the contacts. 

W. F. Foshag attributes the iron ore ** to replacement of the host rocks by 
ascending iron-bearing solutions. According to Foshag’s observations, no 
evidence of direct replacement can be seen in the clastic wall rocks, but replace- 
ment of pyroxene fragments was noted. From this can be deduced a close 
genetic relationship between the ferromagnesian minerals of the pyroxenite 
and the iron deposit. Given the association of magnetite and apatite, he sug- 
gests that the iron-bearing solutions could have resulted from magmatic dif- 

8 Foshag, W. F., Mineralogy and geology of Cerro Mercado, Durango, Mexico: U. S. Nat. 
Museum Proc., p. 15, 1948. 


® Salazar Salinas, Leopoldo, et al., El Cerro de Mercado, Durango: Inst. geol. México, 
Bol. 44, p. 44, 1923. 

10 Idem, pp. 43—44. 

11 Foshag, W. F., op. cit., pp. 24-25. 
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ferentiation at depth and did not come from such rocks as the rhyolite and tuff 
at the surface. 

In the opinion of Vicente Fernandez Soler of the Compafiia Fundidora de 
Fierro y Acero de Monterrey, the deposit is due to differentiation and magmatic 
segregation, which resulted in the magma first becoming enriched with iron 
and, upon rising in the form of a dike, being intruded near the surface. He 
considers that repeated intrusions came from the same magmatic source. 

L. Torén Villegas and A. Esteve Torres review in detail’* the different 
theories on the origin of the iron deposits summarized in the preceding para- 
graphs, and although they are in general agreement with the theories of Fer- 
nandez Soler, they take exception to some details.** They do not believe that 
the newly formed iron-bearing crystals would have risen to the top, but rather 
that they would have descended by gravity. They also accept some of the 
ideas of Salazar Salinas, particularly his theory as to the existence of a large 
chamber of acidic magma, which was extruded through fissures produced by 
orogenic forces and thus originated the thick rhyolite flows in the area. They 
point out that the rhyolitic rocks could not have been extruded all at once, but 
that their extrusion was intermittent and repetitive. They indicate, also, that 
either contemporaneously or subsequently there must have existed another 
magma chamber which was of basic or intermediate composition, in which 
differentiation took place by crystallization of the iron oxides. These crystals 
descended through the magma because of their higher density and accumulated 
in the lower regions. There the higher temperatures prevailing caused re- 
fusion of the crystals ** and the formation of a fluid layer of these oxides. 

In summary, Rangel’s theory that this deposit is a large dike, whose 
western part ramifies through the rhyolite, should be discarded. This theory 
originated probably in the early days of exploitation, when the deposit seemed 
to be veinlike and before exploratory workings had revealed its form at depth. 
The theories that consider the deposit to be the result of purely magmatic 
segregation should also be discarded, for in recent years the iron deposits 
formerly considered to be of this type have been shown to have had some 
other origin. According to Foshag,” three principal processes could have 
accounted for the formation of these iron deposits: 1) the intrusion of 
magma into the rhyolite, latite, and tuffs; 2) some process of replacement, 
and 3) fumarolic activity. He further states that all the theories thus far 
presented are open to criticism and serious objections. 

In the writer’s opinion, the best explanation that accords with the field 
data presented by others, is that the deposit is a result of replacement by iron- 
bearing fluids, although the studies thus far made have not been sufficiently 
exhaustive to indicate definitely the composition and concentration of these 
fluids or the physics of their transportation. 


12 Torén Villegas, Luis, and Esteve Torres, Adrian, op. cit. (11), pp. 110-118: 

13 Idem, pp. 119-120. 

14.N. L. Bowen and the Eprror have maintained that such remelting of early-formed mag- 
netite crystals could not take place because of insufficient heat available, and remelting of con- 
taining silicate walls would occur before melting of magnetite, with consequent miscibility of 
silicates and magnetite (Ed.). 

15 Foshag, W. F., op. cit., p. 25. 
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The similarity of the Cerro de Mercado deposit to others in various parts of 
the world, such as those at Barth, Nevada, and the martite deposits at Twin 
Peaks, Utah, would seem to indicate a similar origin. 

The Barth deposits are remarkably similar to the Cerro de Mercado de- 
posit, occurring as they do in Tertiary andesite. The ore is martite accom- 
panied also by apatite, and biotite occurs in the walls, which are well defined. 

At the martite deposits near Twin Peaks, Millard County, Utah, the country 
rock is light-colored rhyolite with abundant quartz phenocrysts and some biotite 
and hornblende. The martite is accompanied by apatite and thin black crys- 
tals of pyroxene (augite). The presence of martite with pyroxene and apa- 
tite in rhyolitic rocks, and the brecciated nature of the ore bodies, make these 
deposits similar to those of Cerro de Mercado. 

Iron ore reserves at Cerro de Mercado have been estimated at a minimum 
of 25,000,000 tons and a maximum of 56,000,000 tons. The great difference 
between these figures is due to different methods of calculating the volume, 
to the varying ore densities applied (from 3.6 to 4.5), and to the different pe- 
riods in which attempts were made to determine the reserves. 

Deposits in Hidalgo.—Other deposits formed by iron-bearing solutions 
occur on the Vaquerias hacienda in the Municipality of Atotonilco el Grande, 
Hidalgo. They are northeast of the Sierra de Pachuca, between this range 
and the western reaches of the Sierra Madre Oriental. 

The rocks in the area are marine sediments, principally Cretaceous lime- 
stone of Aptian and Cenomanian age, which serve as basement for the later 
formations, of Tertiary, Quaternary, and Recent age. The Tertiary rocks 
are rhyolite, basalt, leucobasalt (labradorite and basaltite of older writers), 
and volcanic breccia. Those of Quaternary and Recent age are alluvial and 
detrital deposits. The rhyolite forms small isolated bodies, and the basalt 
is made up of as much as six flows interbedded with breccia. All these rocks 
lie on strongly folded limestone. 

The iron ores consist of hematite, limonite, and ochre, deposited in the 
breccia. The hematite appears in flat lenses. The ferric iron content of the 
ore is somewhat over 70 percent. A chemical analysis of a sample from the 
El Sabinal mine gave the following results: 16% H,O, 8.37% SiO,, 75.77% 
Fe,O,, and traces of PO, and CaO. 

The deposition of iron occurred when the temperature and pressure of the 
ascending iron-bearing hydrothermal solutions, which rose from depth, were 
reduced while these solutions circulated in the porous rock between the differ- 
ent basalt flows. 

The tonnage of iron ore in these deposits has never been determined, in 
spite of the fact that they crop out in extensive areas in the Municipalities of 
Atotonilco el Grande, Huasca, and Tulancingo. The deposits are believed, 
nevertheless, to represent a reserve of iron ore of considerable size,”* together 
with some ochre suitable for the mineral pigment industry. 

Deposits in Southwestern Mexico.—Iron deposits formed by replacement 
are in the Precambrian rocks that extend interruptedly along the Pacific coast 


16 Villarello, J. D., and Bése, E., Los criaderos de fierro de la hacienda de Vaquerias, Estado 
de Hidalgo: Inst. geol. México, Bol. 16, pp. 14-44, 1902. 
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and into the southern part of the States of Puebla, Oaxaca, and Guerrero. 
These rocks are made up of granite, gneiss, and schist, accompanied by phyl- 
lite, and are in some places garnet-bearing. The phyllite lies directly on the 
granite and gneiss and is in places quite shaly. These rocks are cut by 
granitic intrusives (granite, granulite, and hornblende granite), pegmatite, 
diorite, and andesite. The gneiss and schist are folded into anticlines, syn- 
clines, and oblique folds of varying dimensions, whose axes trend N. 20°- 
45° W. and whose axial planes dip northeast or southwest. 

The iron deposits seem to be no younger than Paleozoic. The ore miner- 
als are hematite—either massive, micaceous, or earthy—magnetite, and limo- 
nite. The magnetite forms small lenses interstratified with mica schist. Al- 
though the iron ores are extraordinarily pure, many of these deposits are of 
little industrial value. The hematite in some of the deposits may possibly be 
mined for the production of “English Red,” but the ore would have to be care- 
fully washed to remove the quartz it contains. Among the deposits of this 
type are those in Oaxaca known as El Carnero and El Aguacate, which were 
studied by Y. S. Bonillas,’* and the Santa Maria Zaniza deposits. 

In the El Carnero deposit near Atoyaquillo, the country rock is gneiss and 
graphite-mica schist, in which the foliation has varying attitudes but strikes 
predominantly east in the more extensive areas of outcrop. The younger 
rocks consist of granite, pegmatite, and extrusive rocks probably of Tertiary 
age (andesite, rhyolite, and rhyolitic tuff). East of Cerro del Carnero appear 
large masses of magnetite in bedrock, together with some loose float. The 
magnetite occurs in veins with regular walls and is accompanied by hematite, 
limonite, and pyrite. Chemical analyses of the ore made in the laboratories 
of the Instituto de Geologia gave an average of 65.25% Fe, 0.61% S, and 
0.20% P,O,;. The origin of this deposit seems to be related to pegmatitic 
emanations after the consolidation of the magma. 

In the E] Aguacate deposit, located. 10 km southwest of the town of San 
Francisco Cahuacua, the country rock is hornblende and biotite granite cut 
by aplite dikes and in some places covered by andesite, rhyolite, and tuff. The 
ore is higher in grade than that of the El Carnero deposit, containing 69.39% 
iron, a little sulfur (0.0 to 2.4%), and no phosphorus. 

Lack of sufficient exploratory data and the pockety nature of these deposits 
have prevented the determination of ore reserves. 

Deposits of commercial importance ** occur about two kilometers west of 
the town of Santa Maria Zaniza, on the slopes of Cerro de La Espina and Cerro 
de El Limonar. The region has rugged topography and lacks good means 
of communication. The rocks in this area are all igneous, except for small 
remnants of marine sediments consisting mainly of marly limestone. The 
igneous rocks are granite, pegmatite, aplite, granodiorite, diorite, quartz 
monzonite, syenite porphyry, amphibolite, and andesite. The dominant rocks 
are granite and monzonite, whose surface distribution is shown on the map 
of the region (Fig. 3). 

17 Bonillas, Y. S., Reconocimiento de algunos criaderos de fierro del Estado de Oaxaca, 
México: Inst. geol. México Parergones, vol. 3, pp. 499-524, 1911. 


18 Pérez Pefia, Adan, Informes geolégico-econdmicos de los depésitos ferriferos ubicados en 
Santa Maria Zaniza, Oaxaca, 1948 (unpublished). 
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Fic. 4. Geologic map of the Hondura del Gallo iron deposit, near Santa Maria 
Zaniza, Oaxaca. 


The iron deposits crop out in nearly horizontal layers whose thickness 
varies from 10 to 20 m. The volume of iron ore contained in these deposits 
is calculated to be 12,315,000 tons, which includes 1,215,100 tons in the Hon- 
dura del Gallo deposit. Official figures of Economia Nacional give a probable 
tonnage of 20,000,000 tons and a possible additional tonnage of 8,000,000 tons. 

The Hondura del Gallo deposit (Fig. 4) is west of Santa Maria Zaniza. 
In a report by A. Pérez Pefia ** the following is stated : 

The group of small outcrops that marks this ore body strikes nearly north and 
then turns northeastward. The outcrops consist of masses of magnetite irregu- 
larly distributed over a small area, which is for the most part covered with red soil 
in which fragments of iron ore up to 20 centimeters in diameter are mixed with 
pieces of the intrusive country rock. The ore fragments show different degrees 
of alteration and are in large part in an advanced state of disintegration. 


19 Pérez Pefia, Adan, idem. 
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The southern outcrops are massive and little altered, and the ore mineral is 
chiefly magnetite. Those to the northeast are at a higher altitude and are partly 
decomposed, the ore being spongy and containing limonite and red oxides, although 
magnetite predominates. The outcrops indicate the presence of three nearly hori- 
zontal ore bodies at different levels. 


The ore minerals mentioned are accompanied by small quantities of apatite, 
epidote, muscovite, zoisite (thulite variety), serpentine, uralite, quartz, and 
calcite. Chemical analyses made in the laboratories of the Instituto de 
Geologia gave the following results : the best samples contained 71.4%, 70.0%, 
and 69.7% of metallic iron, and the poorest contained 55% to 65% of metal- 
lic iron, with little or no phosphorus (up to 0.55%) and a variable sulfur 
content (0.0 to 4.7%). 

These deposits at Santa Maria Zaniza, in spite of their high-grade iron ore, 
are not in a favorable position for development because of their great distance 
from good means of transportation. Their exploitation might create an im- 
portant local industry, however, if cheap metallurgical methods were used, 
even if not on a large scale. Iron and steel products of high quality might 
perhaps be manufactured. 

Deposits in Sonora.—In the Muncipality of Rosario, Sonora, is an iron de- 
posit of industrial importance called El Volcan, also known as Piedra Iman, 
which is of the first magnitude. It is located in the Sierra Madre Occidental 
physiographic province, which extends southward from the Sonoran Desert 
province. The Sierra Madre Occidental province consists of a mountain 
system that trends northwest for 1,400 km and has a maximum width of 300 
kilometers. The mean altitude is about 2,150 m, although some peaks rise 
to 3,000 m above sea level. The physiography of this province seems to be 
due to long continued erosion and anticlinal uplift, which Imlay has called the 
Western Geanticline (Fig. 2). 

Although little is known of the iron deposit,*° it is probably a result of 
replacement or contact metamorphism. It occupies almost the entire sum- 
mit of Cerro del Volcan, which rises from the plain that separates the Sierra 
de Santa Rosa from the Sierra de Santa Juliana, and the outcrops of ore are 
alined in a narrow zone. The deposit is fractured and faulted. The country 
rock consists of intrusives of the diorite family, which are cut by faults and 
granitic dikes. 

Official figures of Economia Nacional set the reserves of this deposit at 


16,000,000 tons of possible ore, while Torén and Esteve calculate a minimum 
of 7,918,060 tons.”" 


CONTACT-METASOMATIC DEPOSITS. 


Iron deposits related to contact metasomatism (Lindgren’s pyrometasoma- 
tism) are numerous in Mexico. They occur both in northeastern Mexico and 
along the Pacific coast, principally in Guerrero and Oaxaca. 

Deposits in Northeastern Mexico—Industrially important contact-meta- 


20 Torén Villegas, Luis, and Esteve Torres, Adrian, op. cit. (III), pp. 251-266. 
21 Idem, p. 264. 
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somatic iron deposits occur in the States of Coahuila, Nuevo Leon, and 
Zacatecas. The dominant sedimentary rocks are marine limestone of Cre- 
taceous age. The igneous rocks are intrusive and of the granite, diorite, and 
monzonite families, with some porphyry. 

The principal deposits are at Cerro del Mercado ** near Monclova, Coa- 
huila; at Las Golondrinas in the Sierrita del Carrizal, Nuevo Leon; and at 
Concepcion del Oro, Zacatecas. All are of equal economic importance, of 
analogous geologic character, and of similar mineralization and origin. 

The deposit at Cerro del Mercado is in a mountain range that rises from 
a broad desert plain in the Municipality of Monclova, Coahuila. The highest 
peak in the range, called Vésper, is 1,510 m above sea level. Its upper part 
has a rugged topography, while its lower slopes become smoother until they 
merge with the surrounding plain. The range is of tectonic origin and has a 
roughly elliptical base some 10 km long and 8 km wide. The lower two-thirds 
of the range are made up of limestone, and the core consists of a massive body 
of granodiorite (Aguilera’s hornblendic diorite). 

The limestone is gray, bluish, and black and is in part quite massive. Near 
the contact with the intrusive rock it has been partly marmorized, and some 
of the strata are almost vertical. The limestone is overlain concordantly by 
shale and sandstone of late Cretaceous age. 

The iron ore bodies are pockets and irregular masses distributed in the 
peripheral zone of the contact. Some of them are not in the contact zone 
proper, but are either in the limestone or in‘the granodiorite. 

The deposits at Las Golondrinas are in the Sierrita del Carrizal, in the 
Municipality of Lampazos, Nuevo Leon, and are also in a contact zone be- 
tween limestone and granodiorite. The Sierrita del Carrizal is some 4 km 
from Las Golondrinas Station (km 114) on the National Railways of Mexico; 
it is 150 km south of Laredo and 133 km from Monterrey, near the boundary 
line between the States of Nuevo Leén and Coahuila. This mountain range 
is elongated in a northeasterly direction and is about 20 km in length. Toward 
the south it joins the Sierra de Bustamante, thus forming the limit, on that 
side, of the valley which extends from Lampazos to Villa Aldama. The plain 
that bounds these mountains has an altitude of 430 m above sea level and 
descends gradually to the east, where it merges with the Gulf coastal plain. 

Structurally, the Sierrita del Carrizal is a large anticline that trends north- 
east, with a massive core of intrusive granodiorite (Aguilera’s augitic diorite) 
which crops out in such summits as Pico del Carrizal, Pico de Candela, and 
Cerro Boludo. 

The iron ore bodies are also, as at Cerro del Mercado, pockets and irregu- 
lar masses in the contact zone between the sedimentary rocks and the intrusive. 
Some of them follow the contact and simulate irregular veins. The minerals 
in these deposits are hematite and limonite, and the ore has a ferric iron con- 
tent ranging from 60% to 72%. At the Las Golondrinas deposit the predomi- 
nant mineral is magnetite, which occurs mainly in the lower part of the deposit ; 
near the surface the ore mineral is hematite, which crops out in low ridges and, 
on weathering, alters to limonite. 


22 Not to be confused with the Cerro de Mercado deposit near the City of Durango. 
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The iron deposits of Concepcion del Oro form part of the important old 
copper-gold mining district of the same name, located in the extreme north- 
eastern part of the State of Zacatecas, near the boundary line of this State 
with those of San Luis Potosi and Coahuila. This mining center occupies 
the bottom of an elongated valley trending in an easterly direction and drained 
by Arroyo de Concepcion del Oro. The town of El Mineral is 2,070 m above 
sea level. The majority of the iron deposits are in the mountains that bound 
the valley on the west and south. Burckhardt described the geology of this 
area in great detail,?* and the iron deposits were later investigated and de- 
scribed by Tordén Villegas and Esteve Torres,?* who extended toward the 
southwest the geologic map prepared by Burckhardt. 

The oldest sediments in the Sierra de Concepcién del Oro are nerinaea- 
bearing limestones (probably representing the Sequanian base of the Upper 
Jurassic), which are overlain by well developed Kimeridgian-Portlandian 
strata. In his paper Burckhardt gives a stratigraphic section of the rocky front 
of Cerro del Temeroso, at altitudes ranging from 2,700 to 2,800 m., in which 
he shows the following geologic formations, from top to bottom: nerinaea- 
bearing limestone ; black limestone with shiny surfaces; clay, marl, and shale 
with characteristic Kimeridgian fossils; phosphatic limestone and whitish 
marly limestone with characteristic Portlandian fossils ; and Lower Cretaceous 
limestone with chert. He analyzes each of the formations from the strati- 
graphic point of view, describes an igneous mass (diorite) which has intruded 
and lifted the sedimentary strata, and reviews the tectonics, reaching the con- 
clusion that the Sierra de Concepcion del Oro is made up of the following 
three elements : 


(1) Toward the east occurs an overturned series of Jurassic-Cretaceous 
strata. 

(2) In the center, separated from the overturned beds by a major fault. 
these same strata have been faulted up and the beds are generally vertical or 
curved in the form’of a “C” 

(3) Toward the west appears a large intrusive dioritic mass, and along 
the western border of the range the normal Jurassic-Cretaceous sequence 
crops out with a southwest dip. 


The contact zone between the intrusive rock and the limestone is the locus 
of the iron deposits. These are known as Piedra Iman, La Carmen, Animas 
del Cerro Prieto, and El Sol y La Luna. The iron ore bodies are moderately 
large and have irregular outcrops, the largest of which form low ridges. Their 
thickness varies from 8 to 20 m. 

The outcrop of the Piedra Iman deposit is inconspicuous; it strikes N. 
85° E., is 40 m long, and has a thickness of 3 m. The ore is a mixture of 
hematite and a small proportion of magnetite. 

The La Carmen deposit is in the vicinity of a massive limestone, which 
is re-crystallized by contact metamorphism and is in places transformed en- 
tirely into garnet. The iron ore body strikes north and has been explored for 

23 Burckhardt, Carlos, Géologie de la Sierra de Concepcién del Oro: X Internat. Geol. Cong., 


Guide Exc. no, 24, 1906. 
24 Torén Villegas, Luis, and Esteve Torres, Adrian, op. cit. (II), pp. 13-33. 
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150 m along its length and to a depth of 250 m. It is 20 m thick. The ore 
in the upper part of the deposit is hematite with small proportions of magnetite 
and limonite. 

The Las Animas deposit is located at the foot of Cerro Prieto, a spur of 
the large Sierra de Los Angeles and Sierra de La Sierpe. It is also close to 
marmorized limestone, but it is a much smaller deposit than the La Carmen. 
It has been mined in part for iron and in part for copper and gold. The ore 
body is a nearly horizontal layer 6 to 8 m thick, made up chiefly of very pure 
iron ore composed dominantly of magnetite and of smaller quantities of hema- 
tite and veinlets of pyrite and chalcopyrite. 

The El Sol y La Luna deposit, which is considered by Toron and Esteve ** 
to be the most important in this area, is in the contact zone between the intru- 
sive rock and the nerinaea-bearing limestone. The ore body crops out as a low 
east-trending ridge and dips 70° south. It is 160 to 170 m in length and has 
an apparent thickness of 40 m. The workings in this deposit consist of two 
vertical shafts, sunk close to each other, which explore the ore body and expose 
a large tonnage of ore from the surface to a depth of 100 m. The ore in this 
deposit is of two classes: that near the surface is almost entirely hematite and 
contains no sulfur or phosphorus, whereas the deeper ore is magnetite with 
abundant pyrite. 

All these contact-metasomatic iron deposits of northeastern Mexico had a 
similar origin. Once the Jurassic-Cretaceous sediments were deposited and 
consolidated, orogenic movements produced the mountain ranges of the region 
and formed anticlinal and synclinal folds with a general northwest or north 
trend. These form broad parallel ranges, close to each other, which represent 
the continuation in Mexico of the Rocky Mountains of the United States. 
When the Middle Cretaceous limestone and the Upper Cretaceous shale, lime- 
stone, and sandstone were folded, the strata were in part overturned, faulted, 
and intruded by igneous rocks. 

The igneous intrusions in some place exercised sufficient upward thrust 
to lift the overlying strata, as for example the dioritic mass at La Parroquia 
near Mazapil, and at Cerro Colorado near Concepcion del Oro. 

Metasomatism occurred in the contact zones between the sedimentary and 
intrusive rocks. The most notable effect on the sedimentary rocks, however, 
was the recrystallization of the limestone (marmorization) to marble. 

Where an exchange of substance occurred, lime combined with silica to 
form wollastonite, grossularite, andradite, epidote, scapolite, diopside, and 
anorthite. Garnetization occurred in some zones of remarkable thickness, and 
intense silicification occurred in others. 

Deposits along the Pacific Coast—Another contact deposit of ‘industrial 
importance is at Las Truchas in the Municipality of Arteaga, Michoacan, a 
short distance from the Pacific coast and the mouth of the Balsas River. 

Iron ore bodies crop out along the tops of spurs that lead from the Sierra de 
Coalcoman, whose prominent peaks are called El Volcan, Las Truchas, Santa 
Clara, and El Aguacate (Fig. 5). These spurs trend N. 45° W. and have al- 
titudes ranging from 180 to 310 m. above sea level. 


25 Torén Villegas, Luis, and Esteve Torres, Adrian, op. cit. (II), p. 26. 
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The rocks in this area are marine sediments of Jurassic and Cretaceous age, 
which correspond, respectively, to the so-called Los Pozos and La Calera series. 
The Jurassic rocks are composed of shale and phyllite, and the Cretaceous 
rocks consist of limestone, which is partly epidotized and garnetized. These 
sediments are cut by intrusive rocks such as diorite and gabbro (Arteaga 
series), of Upper Cretaceous and early Eocene age. The gabbro is a medium- 
grained green rock with well developed crystals of feldspar. During emplace- 
ment of the igneous rocks in this region, the intruded limestone was meta- 
morphosed along the contacts and the iron deposits were formed. 

The ore minerals are magnetite, hematite, and some limonite, which occur 
in regular dikelike concentrations. Chemical analyses of samples gave the 
following results : 60% to 70% Fe,O,, 0.05% S, and 0.04% P; the sulfur con- 
tent increases with depth. 

The Mid Vale Steel Co., which has mined these deposits, has estimated the 
reserves at 10 million tons. Official figures of Economia Nacional assign this 
deposit a reserve of 10 million tons of probable ore and 25 million tons of pos- 
sible ore. 

Deposits in Oaxaca.—The La Fierrosa deposit, which is south of Juxtla- 
huaca, Oaxaca, is in gneiss, which is the oldest rock in the area and which has 
been intruded twice, once by biotite granite, which forms the highest peaks, 
and once by diorite, which intrudes the granite. According to Bonillas,** the 
iron ore body was formed by magmatic segregation within the intrusive dioritic 
mass just before its solidification and was deposited within the diorite itself 
and along the contacts with the gneiss. The description of the deposit, how- 
ever, leads the writer to interpret the origin of the iron ore bodies as due to 
contact metasomatism and replacement. 


RESIDUAL DEPOSITS, 


The residual iron deposits are the result of the alteration, disintegration, and 
transportation of the outcrops of some of the iron deposits described above, 
and others are due to the weathering of basic rocks such as basalt. 

The ores of the residual deposits consist of hydrated iron oxides, in large 
part goethite, with varying quantities of clay, siliceous material, and other im- 
purities. The color ranges from gray to various shades of yellow, with the 
result that the ore may be used for the production of mineral pigments known 
commercially as yellow ochre, permanent yellow, China yellow, gold ochre, etc. 

Numerous ochre reposits are known in Mexico, but only a few studied by 
the Instituto de Geologia will be described.** 

A deposit at Punta Banda, Municipality of Ensenada, Baja California, has 
an approximate reserve of 2,000 tons; one in the vicinity of San Miguel Al- 
lende, Guanajuato, contains about 2,500 tons; another in the vicinity of 
Amatepec, México, has an approximate capacity of 4,000 tons ; and at Kilometer 
274 of the México-Morelia-Guadalajara highway, in the State of Michoacan, a 
deposit is known with a reserve of 7,500,000 tons. 

26 Bonillas, Y. S., op. cit. 


27 Lozano Garcia, Ratl, Informacién sobre las posibilidades para la explotacién en México 
de ocre amarillo, 1942 (unpublished). 








ico 





ENVIRONMENT OF IRON ORE DEPOSITS IN MEXICO. 125 


All these deposits are near good transportation, either by land or sea, and 
can be mined commercially at low cost. With the exception of the last named 
deposit, none is a single ore body but consists rather of a group of small, 
closely spaced deposits. 

The Michoacan deposit is of major industrial importance because of the 
high quality of the ochre and the large reserves. When the highway was built, 
a fresh cut revealed this deposit for a length of nearly half a kilometer. The 
ochre forms the surface zone to a depth of about 10 m. It consists of clayey 
goethite of a golden-yellow color, quite attractive and uniform. A chemical 
analysis of samples from the deposit gave the following results: 


Moisture H,JO—110° C 7.50% 
Loss at red heat 9.58 
Silica—SiO, 31.93 
Alumina—Al,O, 25.30 
Ferric Oxide—Fe,0, 25.12 
Calcium Oxide—CaO 0.22 
99.65 


The total iron-oxide content exceeds that stipulated by the United States 
Bureau of Standards, which is 17%,?* and the proportion of lime is much 
lower than that allowed (5%) in this type of material. 

In determining the reserves of this deposit, the length and width were as- 
sumed to be 50C m and the thickness was taken as 10 m, giving a volume of 
2,500,000 cubic meters. Assuming the average specific gravity to be 3.1, the 
tonnage would be 7,750,000 tons. 

As the deposit is in a thickly populated area of abundant resources and 
good transportation, it has commercial possibilities. 


ECONOMIC CONSIDERATIONS. 


New iron deposits must be discovered and mined if the needs of the Mexican 
metallurgical industry are to be satisfied. Many of the known deposits, located 
in mountainous or desert areas, are going through a critical stage, partly be- 
cause they are in areas not suitable for establishing smelters. The deposits in 
the northern, northeastern, and central parts of the country are the most 
favored insofar as transportation is concerned. Those on the Pacific slope and 
along the coast lack good means of communication with the interior and also 
lack good sea ports. 

To be of commercial value, the deposits should fulfill certain requirements, 
such as : (1) the ore should be of high quality; (2) the tonnage should be 
large; (3) the topography and geography of the deposits should be such as to 
permit transporting the ore to the smelters ; and (4) the form of the ore bodies 
should favor easy mining on a large scale. 

For some time the Compafiia de Fierro y Acero de Monterrey has been 
established and operating successfully in Monterrey, Nuevo Leon. Several 
years ago another smelter was established under the name of Altos Hornos de 
México, S. A., in Monclova, Coahuila. Late in 1947 a new company was 
formed in the State of Oaxaca, under the name of Minas de Guichicove, S. A., 
which is to mine the iron deposits of the Isthmus of Tehuantepec. It is also 


28 Anonymous, Recommended specifications for ochre, dry and paste: Bur. Standards Circ. 
91, 1923. 
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to install a blast furnace with a daily capacity of 400 tons, on the bank of the 
Magofié River at a site less than one km from the railroad, 186 km from the 
port of Coatzacoalcos, Veracruz, and 120 km from Salina Cruz, Oaxaca, ports 
that are joined by the Tehuantepec Railway. This company will also search 
for coal deposits in the States of Oaxaca, Veracruz, and Chiapas. At Guichi- 
cove occur five iron ore deposits of good quality (hematite and magnetite), 
which, according to statements, are capable of producing large tonnages. 
The Instituto Nacional para la Investigacion de Recursos Minerales is now 
engaged in exploring this region. 
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Production of iron ingots in Mexico during the year 1946 was 282,333 tons, 
according to the Direccion de Industrias Extractivas. The major part of the 
production is now used principally by Mexican metallurgical plants. 

The following table and the graph in Figure 6 show the production of 
iron ore and pig iron in Mexico from 1903-1946. A marked increase in pro- 
duction occurred in the years preceding both the first and second World Wars. 
Production increased also during 1945 and 1946, when it reached totals of 
288,322 tons and 293,725 tons, respectively. 


Mexico, D. F., Mexico, 
November 1, 1949. 
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ABSTRACT. 


The Gonaives Plain lies in northern Haiti at the head of the Gulf of 
Gonaives. Ground water in the plain is used widely for domestic and 
stock purposes but so far to only a limited extent for irrigation. The 
future agricultural development of the plain will depend in large measure 
on the proper utilization of available ground-water supplies for irrigation. 

The rocks of the region are Upper (?) Cretaceous, Eocene and Oli- 

gocene, and Pleistocene and Recent. The structural depression occupied 
by the Gonaives Plain was formed in post-Miocene time by the dislocation 
of Oligocene and older rocks along normal faults and by the tilting of the 
adjacent crustal blocks. The lower parts of the depression contain a 
Pleistocene and Recent alluvial fill deposited by streams tributary to the 
6. plain. 
The Upper (?) Cretaceous rocks include andesite and basalt lava flows 
iS, locally intercalated with some beds of tuff and agglomerate. These rocks 
he are generally dense and impervious, but locally small springs rise from 
fractures and bedding planes or from weathered zones. 

The Eocene rocks are hard thin-bedded cherty limestones with some 


e beds of massive chalky limestone. Considerable ground water circulates 
‘O- through joints and openings along bedding planes, some of them solution- 
rs. ally enlarged, giving rise to important springs such as Soiirces Madame 
of Charles. The Sources Madame Charles discharge at the rate of about 110 


liters per second. 


1 Published by permission of the Director of the Geological Survey, U. S. Department of 
the Interior. 
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The Oligocene rocks include limestone, shaly limestone, limy sandstone, 
marl, and shale. The limestone beds contain solution passages and other 
openings and these may afford capacity for the circulation of ground 
water, but no springs were observed. 

The Quaternary alluvial fill of the plain is composed of interbedded 
lenses of clay, silt, sand, and gravel. These deposits contain a zone of 
saturation whose upper limit is marked by a water table at a depth from 
less than 1 m to about 20 m; in most places it is less than 15 m. Where 
present in the zone of saturation the coarse, well-sorted sand and gravel 
beds of the alluvium probably will yield moderate to large supplies of water 
to wells and infiltration galleries. The individual yields of existing wells 
range from a few liters to about 60 liters per second. 

The most favorable part of the plain for ground-water prospecting and 
development lies 5 to 10 km northeast of Gonaives. In this area yields 
of 10 to 50 liters per second could be obtained from the alluvium in single 
wells drilled to depths of about 35 to 45 m. Additional information on the 
yield and physical character of aquifers in the alluvium would be provided 
by test wells drilled to depths of 40 to 60 m. 


INTRODUCTION. 


THE Gonaives Plain is in northern Haiti at the head of the Gulf of Gonaives 
(Fig. 1). The principal city of the plain is Gonaives, capital of the Depart- 
ment of Artibonite and 180 kilometers by road north-northwest of Port-au- 
Prince. 
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Fic. 1. Index map of Haiti showing the location of the Gonaives Plain. 
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A general study of the geology and ground-water conditions of the plain 
was made by the writers in February 1949. This work was part of a larger 
program of ground-water studies in Haiti by the Institute of Inter-American 
Affairs in cooperation with the U. S. Geological Survey. The work was 
done under the general direction of Mr. W. Alan Laflin, chief-of-party of the 
Food Supply Division of the Institute in Haiti. 

At present irrigation is practiced in the Gonaives Plain and its tributary 
valleys by diversion of water from streams. During the dry season the flow 
of these streams is usually sufficient to cover much of the tributary valley areas, 
but at such times the plain itself receives only sporadic irrigation or none at all. 
The principal object of the present study was to investigate the occurrence of 
ground water in the plain and the feasibility of developing water supplies for 
irrigation from wells or other structures. 


PRECIPITATION. 


The Gonaives Plain receives rain principally from the northeast trade 
winds, which reach the north coast of Haiti laden with moisture. However, 
in passing over the high mountains of the Massif du Nord, condensation oc- 
curs and most of the moisture is precipitated on the northeast slopes of these 
mountains. On reaching the Gonaives Plain southwest of the mountains, the 
winds are largely depleted of moisture. Consequently the plain receives very 
little rain and is perhaps the driest lowland region in Haiti. As based on 42 
years of record, the mean monthly and annual rainfall at Gonaives is as follows: 


RAINFALL AT GONAYVES, IN MILLIMETERS, 


pS EE errs en. x 4.4 SO ee eee es 74.0 

PEE oicc¥tecenn VeRRaeeEe 14.0 DE ictus os vébieeavas oaeen 89.3 

Ne 15.2 errr 85.2 

| Seer or 29.8 SENS i's, e 64:3 0.004 & skate Ra eae 60.0 

BE” swine vid Sieh wiv aay Oe ee eee 82.8 ED. ceases Sea sah aneun ee 23.1 

UME invaxw.o 6.0 Sereda elena teertn 91.5 PE. vs. 0 s5.cuw a deeseeene 10.8 
WE, ais Ween eh so cnthawaoeees 580.1 


These data suggest that the marked concentration of rainfall in two wet 
seasons characteristic of most of Haiti does not occur in the Gonaives region. 
Rather, there seems to be only one long wet season, lasting from May through 
October with a short break in July. In the 6-month dry season from Novem- 
ber through April the total rainfall at Gonaives averages only 97.3 millimeters. 
During the same period the northeast trade winds blow with greater intensity 
and constancy than in the wet season. Consequently, evaporation is increased 
and the light precipitation that occurs is ineffective in maintaining soil moisture 
in the plain. Irrigation is therefore necessary for crops during the dry season 
and is desirable for optimum plant growth during the wet season. 

The rainfall at Gonaives is probably representative for most of the low- 
land areas of the plain. However, the bordering mountain slopes may re- 
ceive half again to twice as much rainfall as the plain. To a large extent the 
amount of rainfall received by the mountain slopes depends on their elevation 
and exposure to the northeast trade winds. 
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TOPOGRAPHY AND DRAINAGE, 


The Gonaives Plain is an alluvial lowland of approximately triangular out- 
line (Fig. 2). At its southern limit it attains a maximum width of about 11 
km from east to west. To the north the width of the plain gradually decreases 
to about 144 km near the junction of the Riviére d’Ennery with the Riviére 
La Branle. The plain has a maximum length of about 13 km from north to 
south. 

Along its entire western margin the plain is bordered by foothills and spurs 
of the Montagnes de Terre Neuve. The highest point in these mountains 
near the plain is Morne Bienac, whose altitude is 325 m above sea level. The 
crest of this mountain is 3 km north of Gonaives. 

South of the valley of the Riviére d’Ennery the plain is bordered along 
its eastern margin by long, linear ridges that are spurs of the Montagnes 
Noires. Bayonnais Ridge, lying between the valley of the Riviére des Bayon- 
nais and the plain, is perhaps the most prominent of these. It attains a maxi- 
mum altitude of about 400 m above sea level. On the northeast side of the 
Bayonnais Valley is a second ridge, which extends northward beyond the point 
of Bayonnais Ridge to the Ennery Valley. This ridge reaches altitudes of 
about 500 to 600m. Near its southern limit the Gonaives Plain is split by the 
northern tip of Morne Grammont. This ridge is a large isolated outlier of 
the Montagnes Noires. Its maximum altitude is 406 m above sea level. 

North of the Ennery Valley and east of the Valley of the Riviére La 
Branle are the mountains of the Massif du Nord, which borders the plain on 
the northeast. The highest point in these mountains near the plain is Morne 
Deux Mamelles, whose altitude is 784 m above sea level. 

The surface of the Gonaives Plain rises evenly from the sea at Gonaives 
Bay to an altitude of about 120 m at its northern limit near the junction of the 
valleys of the Riviére La Branle and the Riviére d’Ennery. The plain is about 
80 m above sea level at the entrance of the alluvial valley of the Riviére Bas- 
sin and at the entrance of the Bayonnais Valley. South of Gonaives and west 
of Morne Grammont the Gonaives Plain is contiguous with the north end of 
the Artibonite Plain. East of Morne Grammont the Gonaives Plain merges 
imperceptibly in an alluvial divide with the Savane Désolée, a small alluvial 
basin that continues southeastward for several kilometers. Where the plain 
merges with this basin the average altitude is about 20 m above sea level. 
Near the sea the plain is low and barely dissected. Inland the slope of the 
plain increases gradually and the principal streams are incised to depths of 
2 to 5 m below its surface. 

The trunk stream of the Gonaives Plain is the Riviére La Quinte, which is 
formed by the confluence of the Riviére La Branle and the Riviére d’Ennery. 
Farther south, in the central part of the plain, the Rivi¢re La Quinte is joined 
by the Riviéres Bassin and des Bayonnais. 

The Riviere La Quinte is an intermittent stream through .most of its 
length. It carries water only in the rainy season and into the first part of the 
dry season. However, in the lower 8 km of the stream there is a small peren- 
nial flow that persists through the dry season. This flow is sustained prin- 
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Fic. 2. Map of the Gonaives Plain, Haiti, showing the geology, contours of the 
water table in the alluvium, and the location of typical wells and springs. 


cipally by the discharge of Sources Bongry (No. 2), located along the chan- 
nel of the stream about 1 km upstream from the Quinte bridge on the 
Gonaives-St. Mare road. On February 16, 1949, the flow near the bridge 
was estimated at about 90 liters per second. The flow was measured by the 
Service des Eaux et Foréts on February 17, 1937, at 130 liters per second. 
These discharges represent the order of magnitude of the stream flow in the 
middle or latter part of the dry season. The Riviére La Quinte was entirely 
dry upstream from Sources Bongry to the Riviére d’Ennery during January 








132 GEORGE C. TAYLOR, JR., AND REMY C. LEMOINE. 


and February 1949. In the rainy season the Riviére La Quinte may carry 
discharges of several cubic meters per second. A flow of 6.74 cubic meters 
per second was measured on November 12, 1924, by the Service d’Irrigation, 
Department des Travaux Publics, at the Mapou Chevalier bridge near Les 
Poteaux. 

In the lower reaches of their alluvial valleys and in their courses across 
the Gonaives Plain all the tributary streams of the Riviere La Quinte are 
intermittent. They carry water only in the rainy season and during the first 
part of the dry season. In their upper and middle courses the tributary 
streams are perennial and carry small dry-season flows ranging from a few 
tens to a few hundreds of liters per second. Essentially all this water is di- 
verted for irrigation in the alluvial valleys of the tributary streams. 


GEOLOGY. 
General Features. 


The rocks that crop out in and adjacent to the Gonaives Plain belong to 
the Upper (?) Cretaceous, Eocene, Oligocene, Pleistocene, and Recent. 
The general geology of the Gonaives Plain and of the adjacent mountain 
borders is shown in Figure 2. 

The rocks of the Gonaives region were disturbed by orogenic movements 
at a number of different geologic times. According to Woodring, Brown, and 
Burbank,” three principal periods of folding probably affected the rocks of the 
region—one near the end of the Cretaceous, one at the end of the Eocene, and 
another near the end of Miocene time. Each successive movement involved 
all older rocks. 

The structural depression occupied by the Gonaives Plain probably origi- 
nated in post-Miocene * time by the tilting of crustal blocks along normal faults. 
This depression is the southern extension of the Trois Riviéres trough, a nar- 
row graben that trends north-northwest from the north end of the Gonaives 
Plain to the north coast of Haiti near Port-de-Paix. The graben is 5 to 8 km 
wide and about 50 km. long. Along most of its eastern and western flanks it 
is bounded by high-angle normal faults. The fault line that limits the eastern 
side of the graben extends south into the Gonaives region and dies out a few 
km south of the Ennery Valley. Farther south are two faults that lie en 
échelon with that of the east side of the graben. One of these is on the south- 
west side of Bayonnais Ridge and the other is along the northeast flank of the 
Bayonnais Valley. (Fig. 2.) Both of these are apparently high-angle normal 
faults dipping southwest, along which the northeast block has been uplifted 
and tilted to the northeast. A similar and parallel normal fault probably lies 
along the southwest side of the Morne Grammont block, which is also tilted 
to the northeast.* All three of these faults die out to the southeast and pass 
beneath the alluvial fill of the Gonaives Plain to the northwest. 

2 Woodring, Wendell P., Brown, John S., and Burbank, Wilbur S., Geology of the Republic 
of Haiti: Republic of Haiti, Dept. Public Works, Geol. Survey of the Republic of Haiti, p. 331, 
Port-au-Prince, 1924. 


8 Op. cit., p. 336. 
4 Op. cit., p. 336. 
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The Gonaives Plain is directly underlain by an extensive alluvial fill de- 
posited by streams that enter the plain from adjacent mountain areas. Most 
of this fill was probably laid down in Pleistocene and Recent time. Evidently 
there were two principal cycles of filling—an earlier cycle of probable Pleisto- 
cene age and a later cycle in Recent time. After Pleistocene alluviation the 
streams cut down in their deposits to a level considerably below the present 
surface of the plain. During the ensuing cycle of renewed alluviation in Re- 
cent time, the Pleistocene deposits in the lower parts of the plain were covered 
by the younger deposits. However, in protected recesses along the borders 
of the plain the Pleistocene deposits were left as dissected alluvial fans or ter- 
races that lie 5 to 20 m above the present surface of the Recent alluvium. 





Geologic Formations and Their Water-Bearing Properties. 


Cretaceous Volcanic Rocks——The oldest rocks in the Gonaives region are 
of Upper (?) Cretaceous age and are of extrusive igneous origin. They in- 
clude an extensive sequence of lavas with some pyroclastics that may attain 
a thickness of 1,000 meters® or more in this region. Most of these rocks 
cropping out in the borders of the Gonaives Plain appear to be andesites, al- 
though basalts also occur. Locally beds of indurated agglomerate or tuff are 
intercalated with the lava flows. The areas of outcrop of Upper (?) Cre- 
taceous rocks observed during the present study are shown in Figure 2. 
However, outcrops of Upper (?) Cretaceous rocks not observed may be pres- 
ent in areas mapped as Eocene, especially along the southeastern margin of 
the plain and along the eastern border of the Savane Désolée. Hornblende 
andesite ° crops out in a cut of the abandoned Gonaives-Ennery railroad 4 km 
airline northeast of Les Poteaux. At this point the andesite is in fault con- 
tact with basalt that is younger than the andesite although also of Upper (?) 
Cretaceous age. Essexite,’ a basic igneous rock of diabasic texture, also was 
observed near the base of a prominent conical knoll about 1 km northeast of 
Les Poteaux. 

The Upper (?) Cretaceous andesites and basalts and the intercalated 
pyroclastics are hard, dense rocks with few openings through which water 
could circulate. Locally small springs rise from fractures and bedding planes 
or from weathered zones where the rocks crop out at the surface. However, 
generally the rocks appear to form an impervious basement on which younger 
formations rest. 

Eocene Limestone-—Resting unconformably on an ancient erosion surface 
cut in folded Upper (?) Cretaceous volcanic rocks is a thick series of marine 
limestones of upper Eocene age. These rocks form Morne Grammont and 
most of the hills and ridges along the eastern border of the plain (Fig. 2). In 
most places the upper Eocene rocks are hard thin-bedded gray and white 
cherty limestones. Locally, however, massive chalky facies occur. The 
characteristic upper Eocene foram Dictyoconus puilboreauensis nannoides 

5 Op. cit., p. 265. 


6 Op. cit., p. 278. 
7 Op. cit., p. 280. 
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Woodring was collected * at the north end of Morne Grammont and on the 
southwest slope of Morne Bienac. It was also found by the present writers in 
limestones at the north end of Bayonnais Ridge. 

The upper Eocene limestones are moderately soluble in water weakly 
charged with carbonic acid. Commonly in outcrops the rock is pitted and 
fretted by solution. In many places underground, percolating waters have 
enlarged the joints and openings along the bedding planes by solution. These 
openings afford passages for circulating ground water. Where present in the 
zone of saturation the limestones probably would yield moderate to large quan- 
tities of water to wells. However, in the hills bordering the plain the upper 
Eocene limestones are considerably dissected and are probably rather thor- 
oughly drained at least to the level of the surface drainage of the region. 

Sources Madame Charles (No. 1) is a notable group of springs that issue 
from upper Eocene limestones. These springs are about 4 km northeast of 
Les Poteaux at the edge of the Ennery Valley. There are several spring heads 
in the group, on a line about 100 m long. The springs issue from joints and 
openings along bedding planes in thin-bedded white limestone. The spring 
line is situated at the base of a bluff on the west side of the alluvial valley of the 
Riviere d’Ennery. The total discharge of the springs was measured at 110 
liters per second by the Service des Eaux et Foréts on February 18, 1937. 
When visited by the writers in February 1949 the flow was approximately the 
same. The temperature of the water is 26° C. 

Oligocene Limestone—Rocks considered to be of upper Oligocene age 
form most of the western border of the Gonaives Plain. They also appear 
along the southwest base of the Massif du Nord where they are in fault con- 
tact with Cretaceous or Eocene rocks. Along the southeastgrn flank of 
Morne Bienac near Gonaives some rocks shown in Figure 2 as Oligocene may 
be Eocene. Characteristic upper Eocene fossils were collected ® at a number 
of localities on the southwest slope of this mountain. However, the upper 
Oligocene foraminifera Miogypsina antillea (Cushman) and Lepidocyclina 
giraudi R. Dauville were found *® on a low hill about 4 kilometers northeast 
of Gonaives near the road between Gonaives and Port-de-Paix. The upper 
Oligocene rocks include thinly to massively bedded yellowish-gray marine 
limestone, shaly limestone, limy sandstone, marl, and green shale. 

The limestones of the upper Oligocene series show solution features similar 
to those of the upper Eocene limestones. Surface outcrops are commonly 
roughened by solution, and in many places joints and openings along bedding 
planes have been enlarged by solution of percolating waters. These openings 
may afford considerable capacity for the circulation and storage of ground 
water. Because the limestones are interbedded with impervious shales and 
marls, the over-all permeability of the upper Oligocene rocks may not be as 
great as that of the upper Eocene limestones. No wells or springs in upper 
Oligocene rocks were observed during the present study. 

Older Aliuvium (Pleistocene).—Pleistocene stream deposits crop out in 

8 Op. cit., p. 144. 


® Op. cit., p. 144. 
10 Op. cit., p. 156, 
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terrace remnants and dissected alluvial fans along the borders of the Gonaives 
Plain (Fig. 2) and probably underlie Recent alluvium beneath much of the 
lowland. In the outcrop areas the Pleistocene deposits are mostly coarse- 
textured poorly sorted gravels with considerable admixture of silt and fine 
sand. The pebbles and cobbles in the gravels are mostly of limestone, although 
weathered basalt, andesite, and diorite pebbles occur in a few places. At the 
surface the Pleistocene deposits are commonly capped by caliche, and at least 
the near-surface parts of the deposits have been indurated by secondary ce- 
mentation of calcium carbonate. Beneath the lowland area of the plain the 
Pleistocene deposits are very similar in physical character to the overlying Re- 
cent alluvium except that they are somewhat more consolidated. 

Where consolidated or indurated by cementation the Pleistocene deposits 
may have lost a considerable part of their original permeability. In other 
respects the water-bearing characteristics of the Pleistocene deposits are 
similar to those of the Recent alluvium. 

Younger Alluvium (Recent).—Recent alluvium directly underlies the 
surface of the Gonaives Plain as well as its tributary alluvial valleys (Fig. 2). 
The alluvium is made up of intercalated lenses of unconsolidated clay, silt, 
sand, and gravel. It is coarsest-textured in the alluvial valleys and in the areas 
where the valleys merge with the plain. In these zones the alluvium is 
principally gravel and sand with relatively little clay and silt. In the central 
part of the plain clay, silt, sand, and gravel appear to be present in about equal 
proportions. The Recent alluvium in the lower parts of the plain near the 
sea is largely clay, silt, and sand with only a little gravel. 

The clay and silt facies of the Recent alluvium have very low permeability 
and hence have little capacity to yield water to wells or springs. However, the 
gravel and sand facies are moderately to highly permeable. To a large de- 
gree the permeability of the sands and gravels is dependent on the extent of 
their sorting by running water. The coarsest and best-sorted gravels were 
laid down in the channels of the larger streams. The fine-textured clays, silts, 
and fine sands were deposited from quiet waters in areas adjacent to the stream 
channels during floods. 

Shallow dug wells indicate that within 15 to 20 m of the surface the Re- 
cent alluvium is coarsest-textured and best sorted in that part of the plain 
lying between the 30- and 100-meter water-table contours shown in Figure 2. 
It is believed that in this part of the plain the Recent alluvium is generally more 
permeable than elsewhere. The general characteristics of ground water in 
the alluvium are discussed beyond. 


GROUND WATER IN THE ALLUVIUM. 


The most important ground-water body in the Gonaives Plain occurs in 
Recent alluvial deposits and possibly in similar underlying Pleistocene de- 
posits. This ground-water body is sustained and recharged by (1) infiltration 
from streams that enter the plain, (2) the underflow of the alluvial valleys of 
the larger tributary streams, some of which originates as seepage from irriga- 
tion in these valleys, (3) direct penetration from precipitation on the surface 
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of the plain, (4) to a small extent, seepage from irrigation on the plain, and 
possibly (5) underground leakage from water-bearing Eocene or Oligocene 
rocks. The principal recharge to the ground-water body probably occurs dur- 
ing the rainy season when the streams are in flood and the precipitation is 
greatest on the plain. 

The upper limit of the zone of saturation in the alluvium of the plain is 
marked by a water table whose position, shape, and slope in February 1949 are 
shown in Figure 2 by means of 10-meter contours referred to sea level. In 
general the water table slopes southwestward from the north end of the plain 
to Gonaives Bay with a gradient approximately parallel to that of the land 
surface. Likewise in each alluvial valley tributary to the plain the water table 
slopes down valley until it merges with the water table of the plain. 

Water received in the zone of saturation by infiltration from the surface or 
from other sources moves down gradient along the slope of the water table. 
Water is discharged naturally from the zone of saturation (1) by evaporation 
or by transpiration of plants where the water table is at or near the surface, (2) 
by springs above sea level, and (3) by submarine springs and seepage. 

Evaporation from the zone of saturation occurs where the water table is at 
the surface or the capillary fringe extends to the surface. At least in the dry 
season such evaporation appears to be concentrated principally in that area 
of the plain lying less than 5 m above sea level. During the wet season, with 
the rise of the water table the area of evaporation extends to other parts of the 
plain. Ground-water discharge by transpiration occurs wherever the roots of 
phreatophytic plants reach the water table or the capillary fringe. Consider- 
able parts of the central and coastal areas of the plain are overgrown with 
thickets of bayahonde, a thorny leguminous tree resembling American mesquite. 
These trees, together with other phreatophytic plants, evidently transpire large 
quantities of water from the zone of saturation, especially during the dry 
season. 

Ground-water discharge by springs takes place chiefly along the chan- 
nels of the Riviere La Quinte and its tributaries. Such springs occur where 
the water table in the alluvium is intersected by a stream channel or other 
depression. With the exception of Sources Bongry (No. 2) all such springs 
are temporary. They flow only during the rainy season and the first part of 
the dry season when the water table rises and intersects the stream channels. 
When the water table declines in the dry season the springs go dry. A typical 
example is Source Marchand (No. 55) in the channel of the Riviere La 
Quinte. This spring is reported to flow a few tens of liters per second in the 
rainy season. However, when visited by the writers on February 16, 1949, 
the spring was not flowing and the water table was about 0.3 m below the 
stream channel at the spring head. Evidently in very rainy years the flow of 
this spring may persist through most if not all of the dry season. On Febru- 
ary 18, 1937, apparently following an exceptionally rainy wet season, the flow 
of the spring was measured by the Service des Eaux et Foréts at 20 liters per 
second. 

Sources Bongry (No. 2) are apparently the only important perennial springs 
that rise from the alluvium of the Gonaives Plain. There are three principal 
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spring heads in the group, located along the channel of the Riviére La Quinte 
about 1 kilometer upstream from the Quinte bridge of the Gonaives-St. Marc 
road. The springs issue from sand and gravel in small recesses along the 
banks of the stream and about 2 meters below the general land surface. The 
total flow of the springs on February 16, 1949, near the Quinte bridge was esti- 
mated at 90 liters per second. At the same place the flow was measured by 
the Service des Eaux et Foréts at 130 liters per second on February 17, 1937. 
These discharges represent the magnitude of the dry-season flow of the springs. 
The wet-season flow is reported to be much greater. 

Formerly there were a number of perennial springs and swampy tracts in 
the vicinity of Gonaives and in the area 1 to 2 km northeast of the city. 
These are now controlled by two systems of open drainage ditches constructed 
by the Service Cooperatif Inter-Americain de la Santé Publique. One of 
these systems empties into Gonaives Bay just north of the city. Its total 
discharge on February 17, 1949, was estimated by the writers at about 70 liters 
per second. The second system passes through the city and flows into 
Gonaives harbor. The discharge was approximately 25 liters per second on 
February 17. The discharges of both these drainage systems increase mark- 
edly with the rise of the water table in the wet season. 

A general seepage from the zone of saturation also occurs in the tidal 
flats along the shore of Gonaives Bay. Ground-water discharge may also 
occur through submarine springs and seeps near the edge of Gonaives Bay. 

During the present study, data on the depth to water and the character of 
the water-bearing materials in the alluvium were obtained for some 60 typical 
wells scattered over the Gonaives Plain. The depths to water in individual 
wells in February 1949 are shown in Figure 2. Practically all these wells tap 
water in unconsolidated or semiconsolidated sand or gravel, or both, in the 
alluvium. The depth to water measured in these wells ranges from 0.30 to 
17.60 m below the land surface. The water table in the alluvium of the 
Gonaives Plain is practically everywhere within 20 m of the land surface 
and generally is less than 15 m below the surface. The deepest water levels 
occur along the margins of the plain where the surface of the alluvium is high. 

The water level in wells in the alluvium fluctuates seasonally, being highest 
during the latter part of the rainy season and lowest near the end of the dry 
season. These changes appear to be greatest in wells situated near the Riviére 
La Quinte and its principal tributaries. For example, in well 3, the water 
level has been observed to rise and fall through a range of about 4 m during 
the year. In wells more distant from the stream channels the annual fluctu- 
ation in water level amounts to about 0.25 to 2 m. These fluctuations of the 
water table reflect seasonal changes in the amount of water stored in the 
zone of saturation. In the rainy season recharge exceeds discharge and the 
water table rises, but in the dry season discharge exceeds recharge and the 
water table declines. 

The ground water at least in the shallow water-bearing beds of the alluvium 
is generally potable and of good chemical quality. However, in a small area 
extending inland 1 to 2 km from Gonaives Bay the shallow ground water is 
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generally brackish. The inland limit of the brackish ground water is shown in 
Figure 2. The shallow ground water in the area east of Morne Grammont 
also is brackish in places. 


GROUND WATER IN BEDROCK FORMATIONS. 


The alluvium of the Gonaives Plain probably rests on a bedrock floor of 
Eocene and Oligocene rocks and in places on Cretaceous rocks. Sufficient 
data were not available for the present study to ascertain definitely the water- 
bearing character of these rocks or the presence or absence of productive 
aquifers, for none of the existing wells in the plain penetrates through the al- 
luvium. The Cretaceous rocks are manifestly unfavorable, but some of the 
cavernous Oligocene and Eocene limestones should prove to be good aquifers 
where present in the zone of saturation. 

It is reported that about 1940-42 the J. G. White Engineering Co. drilled 
a number of test wells in the Gonaives Plain to depths ranging from about 
100 to 200 m. However, the well logs and other hydrologic data from this 
drilling have been lost or misplaced and were not available for the present 
study. According to a report of Mr. Eddy K. Borjesson, a former employee 
of the company, the test wells encountered either unproductive strata or salt- 
water aquifers in the bedrock formations. Moreover, the water-bearing beds 
in the alluvium encountered by the test wells were considered by the driller 
to be more productive than any found in the underlying bedrock. 


UTILIZATION OF GROUND WATER. 


The ground water in the alluvium of the Gonaives Plain has been de- 
veloped extensively for domestic and stock purposes and to a limited extent 
for irrigation. It is estimated that there may be 200 or more shallow dug 
wells used for stock and domestic purposes in the plain. The wells shown in 
Figure 2 are typical. Seldom do these dug wells extend more than 1 or 2 m 
below the lowest stage of the water table. Most of the wells are open and 
uncurbed and hence are readily subject to pollution by surface drainage and 
seepage. None of the dug domestic or stock wells is equipped with a mechani- 
cal pump. A simple hand line with bucket is generally used for drawing up 
water. 

There are apparently only two existing drilled wells in the plain. Well 1 
is about 34% km northeast of Gonaives on the Deronville plantation. The 
well is reported to have a depth of about 25 m, all of which is in alluvium. The 
principal water-bearing bed is sand and gravel. The well is equipped with 
a 6-inch Johnson deep-well turbine pump and yields about 15 liters per second. 
The static and pumping water levels are not known. because the well head is 
sealed. The water has a temperature of 29° C and a very good taste. The 
well was drilled by the J. G. White Co. about 1941. It has since been used 
from time to time for irrigation, although at present it is idle. 

Well 2 is about 7% km northeast of Gonaives, at the Mapou Chevalier 
bridge over the Riviére La Quinte. The well has a 14-inch casing, which is 
now capped at the surface by a steel plate. It is reported that the well is 
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about 25 m deep and that the principal water-bearing stratum is in gravel near 
the bottom. The static water level is reportedly about 1 m below the surface. 
This well also was drilled by the J. G. White Co. in 1941. At the time it was 
put down a yield of about 60 liters per second was obtained with a pump. 
However, the well was never put into use. 

Ground water for irrigation has been developed from shallow dug wells 
and a trench at three places (Nos. 19, 20, and 29) on the Bayard property 
about 24% km east of Gonaives. At site 19 are three dug uncurbed wells 4.50 
to 4.60 m deep and spaced in line about 4 m apart. The wells are intercon- 
nected at the bottom with a 6-inch pipe line and are pumped as a unit. The 
static water level was 2.30 m below the surface when the installation was visited 
in February 1949. A similar battery of wells was constructed at site 29. 
Here are five dug wells 2 m in diameter and spaced in line 4 m apart. The 
wells range from 3.40 to 4.10 meters in depth and the static water level is 2 m 
below the land surface. The wells are interconnected by a 6-inch pipe at the 
bottom. At site 20 a rectangular uncurbed pit with dimensions of 3 by 4 m 
was dug to a depth of 4.50 m. The static water level in the pit was 2.70 m be- 
low the surface when observed. The pit is connected to an open trench 3 m 
deep and about 200 m long. When the water level in the pit is drawn down 
by pumping, the trench discharges into the pit at about 3 liters per second. 
The sustained capacity of the pit and trench during pumping does not appear 
to be much more than about 5 liters per second. All three installations—that 
is, Nos. 19, 20, and 29—are pumped with the same portable 4-inch centrifugal 
pump, which is powered by a gasoline motor. The yields obtained at wells 
19 and 29 were not observed. 

The wells and the pit and trench are dug in relatively tight silt or clay 
containing only a few thin streaks of water-bearing sand. The pit at No. 20 
evidently enters a few centimeters into water-bearing sand and gravel at the 
bottom, but the penetration is not sufficient to develop the stratum fully. The 
yields now obtained at all three installations could be increased by deepening 
the wells until they penetrate one or more beds of productive water-bearing 
sand or gravel. 

Availability of Additional Water—With the exception of that from the 
few wells described previously, ground water in the Gonaives Plain is not 
utilized for irrigation. The results of the present study indicate that ground 
water in quantity sufficient for irrigation or other moderately large-scale uses 
can be obtained from the alluvium by gravity from infiltration galleries or de- 
veloped springs and by pumping from drilled or dug wells. 

Infiltration Galleries and Developed Springs——The water table in the al- 
luvium of the Gonaives Plain has a relatively steep gradient, especially in the 
northern part of the plain. This condition suggests the possibility of de- 
veloping ground water for irrigation by gravity from infiltration galleries. 
The most favorable sites for the construction of such galleries would be in 
those places where the water table is near the surface and where the near-sur- 
face water-bearing strata are permeable. The stretch of the channel of the 
Riviére La Quinte between Source Marchand (No. 55) and the Mapou 
Chevalier bridge would be favorable for the construction of such a gallery. 
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Also, the stream channel at Source Marchand itself seems to be a good loca- 
tion. There the water table at its low or dry-season position lies within about 
1 to 2 m of the surface of the channel. The water-bearing material at this 
point is coarse, permeable gravel. An infiltration gallery could be constructed 
there by (1) trenching to a depth of a few meters below the low or dry-season 
stage of the water table, and (2) laying perforated concrete or metal piping in 
the bottom of the trench and back filling. Water collected by the gallery could 
be led by gravity from the perforated-pipe section of the trench into a similar 
blank pipe and brought up to the general land surface of the plain on a gradi- 
ent somewhat flatter than that of the water table. Once at the land surface 
the water could be led to irrigated lands through open ditches. It is estimated 
that a gravity supply of the order of a few tens of liters per second could be 
developed in this manner by an infiltration gallery perhaps 50 to 100 m long. 
Of course such a gallery would have to be constructed in the dry season to 
avoid damage from wet-season floods in the river. 

The only permanent springs in the plain susceptible of development are 
Sources Bongry (No. 2). The dry-season flow of the stream fed by these 
springs is used only for domestic and stock water, which could also be readily 
obtained from nearby dug wells. The normal dry-season flow of approxi- 
mately 90 to 130 liters per second is now essentially wasted. By means of a 
simple diversion dam about 2 m high this water could be diverted into ditches 
for irrigation. Such adam could be constructed at any suitable location down- 
stream from the principal spring heads. The dry-season flow of the stream 
probably could be considerably increased by cleaning the spring heads of 
aquatic vegetation and debris. 

Drilled Wells—The two existing drilled wells (Nos. 1 and 2) in the 
Gonaives Plain indicate that water supplies in quantity sufficient for irrigation 
can be developed from wells of moderate depth drilled into the alluvium. 
Well 1 yields about 15 liters per second and well 2 has reportedly produced 
about 60 liters per second. Both wells are approximately 25 m deep. 

It is believed that yields of the same order of magnitude could be obtained 
from properly constructed wells of comparable depth in other parts of the 
plain. However, the areas lying (1) between the 10-meter water-table con- 
tour (Fig. 2) and Gonaives Bay and (2) east and east-northeast of Morne 
Grammont may be generally unfavorable. In those areas the alluvium is 
probably fine-textured and of low permeability or the ground water is of poor 
chemical quality. The present geologic study indicates that the area lying 
between the 30- and 100-meter contours (Fig. 2) is the most favorable zone in 
the plain for ground-water development by drilled wells. In this area the al- 
luvium contains one or more beds of permeable water-bearing gravel or sand. 
It is believed that yields of 10 to 50 liters per second could be obtained by pump- 
ing from single wells drilled to depths of about 35 to 45 m in this area. 

Before large production wells are put down some additional test drilling 
would be desirable to determine the position, thickness, and physical character 
of the aquifers and the chemical quality of the water at different places in the 
plain. The data so obtained should be carefully tabulated and preserved for 
reference. Suggested locations for test drilling are in the general vicinity of 
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domestic wells 35, 40, 47, and 58 (Fig. 2). Test wells drilled to depths of 
about 40 to 60 m at these locations should be adequate to prove the water- 
bearing characteristics of aquifers in the alluvium. Drilling to greater depth 
does not appear worth while, in view of the negative results obtained by the 
J. G. White Co. by drilling into the bedrock formations. 

Dug Wells.—The economic resources of the average individual farmer in 
the Gonaives Plain are far from sufficient to cover the cost of a deep drilled 
well equipped with a power pump, or even the costs of operation and mainte- 
nance of the pump. This type of ground-water development appears limited 
to cooperatives or to owners of considerable land. 

The average individual holding in the plain is only a few hectares. At 
least considerable parts of these lands could be irrigated at no great expense 
by windmill pumps placed over shallow dug wells. Water sufficient in 
quantity to sustain the capacity of a windmill could be obtained readily from 
dug wells less than 20 m deep in the alluvium. The current cost for digging 
an open, uncurbed well in the plain ranges from about 60 to 80 cents per meter. 
Moreover, in the dry season when water is most needed, there is an almost con- 
stant movement of the northeast trade winds across the plain. Thus sufficient 
motive force would be provided for windmills. If sufficient surface storage ca- 
pacity were provided for the water pumped, 1 to 2 hectares of land could be 
readily irrigated with one windmill. It is believed that experimentation in 
irrigation from windmills would be worth while at farmers’ cooperatives such 
as that at Dubedou. 


U. S. GEoLoGIcAL SuRVEY, 
WasHIncrTon, D. C., 
AND 
SERVICE COOPERATIF INTERAMERICAIN 
DE LA PRODUCTION AGRICOLE, 
HalItI, 
November 8, 1949. 








GEOLOGY OF THE BROADWAY TUNNEL, BERKELEY 
HILLS, CALIFORNIA. 


BEN M. PAGE. 


ABSTRACT, 


The Broadway Tunnel is a pair of highway tunnels side by side, near 
Oakland, California. The geological conditions were not accurately deter- 
mined prior to the driving of the tunnels, yet the contract was arranged 
on a firm unit-price basis. Construction was handicapped by unequal 
pressures exerted on the tunnels, general instability of a large portion of 
the rock, local running ground, irregular distribution of rock units, and 
plastic dikes. Two cave-ins occurred, expensive methods of construction 
had to be adopted, and a large financial loss resulted. Litigation inevitably 
followed. 

The formations penetrated by the tunnels include Miocene sandstone, 
shaly sandstone, and shale; the Claremont formation (Miocene chert and 
shale); and the Orinda formation (Pliocene mudstone, sandstone, and 
conglomerate). Some of these rocks are cut by many brittle sandstone 
dikes and by plastic, hydrothermally altered diabase dikes. 

The southwest portal of the Broadway Tunnel is in a terrain of unsys- 
tematic structure, but the greater part of the tunnel is in an overturned 
limb of a syncline, where dips are moderately uniform (about 60°). Many 
faults of very small displacement cut the Miocene formations, and in- 
definite fracture zones locally add to the instability of the rock mass. 


INTRODUCTION, 


Need for “Case Histories”. —Geologists have often been mistaken in the 
advance appraisal of tunnel sites and tunneling conditions, partly because 
there is insufficient literature and training for this type of engineering geology. 
More “‘case histories” are needed, as in medicine and law, to build up a sub- 
stantial knowledge of problems that may be encountered. 

Previous Studies ——The regional geology of the Berkeley Hills has been 
described by Lawson’ and Clark.? Restricted phases of the stratigraphy, 
paleontology, and petrology of the region have been discussed by many other 
writers, some of whom are listed in the references in the body of this paper. 
Louderback * and Young * have described some of the geological features of 

1 Lawson, A. C., and Palache, C., The Berkeley Hills, a detail of Coast Range geology: Calif. 
Univ. Pub., Dept. Geol. Bull., vol. 2, pp. 349-450, 1902. Description of the San Francisco dis- 
trict; Tamalpais, San Francisco, Concord, San Mateo, and Haywards quadrangles: U. S. Geol. 
Survey, Geol. Atlas, No. 193, San Francisco folio, 1914. 

2 Clark, B. L., The Berkeley Hills: Inter. Geol. Congr. Guide Book 16, pp. 21-26, 1933. 

8 Louderback, G. D., Geologic section through the Berkeley Hills (abst.) : Geol. Soc. America 
Proc., 1937, p. 246, 1938. 


4 Young, G. J., Driving the Claremont tunnel: Eng. and Min. Jour., vol. 127, pp. 832-834, 
1929, 


142 











the 
use 


gy. 
ub- 


een 
hy, 
her 
yer. 
; of 
calif. 
dis- 
ze yl. 





GEOLOGY OF BROADWAY TUNNEL, BERKELEY HILLS, CAL. 143 


the Claremont water tunnel, which is approximately one-half mile west of the 
Broadway Tunnel. 

Engineering geology applied to tunnels in general is treated by Legget,° 
Trefethen,® Terzaghi,’ and others. 

Field Work, and Acknowledgments.—-The writer was not connected with 
the Broadway Tunnel project until construction was partly completed, and he 
was not called upon to predict tunneling conditions. He had the easier duty 
of making a “geological autopsy” after trouble had developed. The geological 
work which was then begun was carried out during one year, 1935-36. 
Throughout that period the writer, under the supervision of the late Profes- 
sor C, F. Tolman, studied the surface and subsurface geology as an employee 
of the Six Companies of California. The field work began when the tun- 
nel had been about one-third completed and had been lined with concrete for 
a short distance. The publication of this paper was delayed by litigation 
between the owners and builders of the tunnel and by subsequent events. 

The writer is grateful to the Six Companies of California and their engi- 
neers, including Mr. Thomas M. Price, and he is particularly appreciative of 
the expert help and advice received from Professor Tolman. Mineralogical as- 
sistance was kindly provided by Professor C. O. Hutton, and thin sections of 
soft rocks were skilfully prepared by Mr. A. Tihonravov. 


NATURE AND HISTORY OF THE BROADWAY TUNNEL, 


The Broadway Tunnel is in the Berkeley Hills, a part of the Coast Ranges, 
in Alameda and Contra Costa counties, California (Fig. 1). It is a highway 
tunnel at the outskirts of Oakland and Berkeley, conducting suburban traffic 
to and from the San Francisco Bay area. It is not a single bore, as the name 
implies, but consists of two tunnels side by side. The twin tunnels are joined 
at the portals, but elsewhere they are 100 feet apart (Fig. 2). They trend 
northeast, and are commonly called respectively the north tunnel and the 
south tunnel when mentioned ‘separately. These two members of the Broad- 
way Tunnel are about 3,000 feet long, and each measures 38 feet or more in 
excavation width. The large width is significant in view of the unstable 
rock conditions. 

The history of the Broadway Tunnel reflects the influence of supposed 
and actual geological conditions. A joint highway district was formed to plan 
the tunnel, award the contract, and enforce the fulfillment of the latter. The 
highway district employed a prominent geologist to examine the proposed tun- 
nel site. The geologist, who was justly respected as an authority, made an 
examination which should have been regarded as a preliminary survey. His 
report was very favorable and was mentioned in the tunnel specifications, but 


5 Legget, R. F., Geology and Engineering, chap. 8. McGraw-Hill, New York, 1939. 

6 Trefethen, J. W., Geology for Engineers, D. Van Nostrand, New York, 1949. 

7 Terzaghi, Karl, Rock defects and loads on tunnel supports: section I of Proctor, R. V., 
and White, T. L., Rock Tunneling with Steel Supports, Youngstown Printing Co., Youngstown. 
Ohio, 1946. 
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was not officially included or quoted therein. The highway district made 
the report available to contractors who wished to bid for the job, but the 
district plainly assumed no responibility for the views of the geologist. 

The contract for building the Broadway Tunnel was awarded on a firm, 
unit-price basis (about $3,700,000) to a corporation comprising six experi- 
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socation map. 


Inset shows State of California, with arrow pointing to 
San Francisco Bay. 


enced companies. This concern, like its competitors, relied upon the pre 
liminary geological report. 


None of the competing companies’ conducted its 


own investigation because such a procedure seemingly would involve need- 


less duplication. 
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When the tunnel excavation was begun, the contractors discovered that the 
ground was anything but self-supporting, as had been predicted, although the 
major formations had been correctly identified. As so often happens, certain 
physical properties and the underground behavior of the rocks had not been 
foreseen by the geologist, the owners, or the builders. 

From the very beginning of excavation, in 1934, it was difficult to control 
the ground. Small pilot tunnels, mistakenly called “drifts,” were driven ahead 
of each of the two major bores, along the projected sidelines of the latter. 
Then the sides and later the arch of each tunnel were excavated, timbers be- 
ing erected as the working faces advanced. The “core” of rock remaining 
along the center of each bore was removed in successive stages, having first 
served as a support for stulls until the permanent, closely spaced timber sets 
were completed. Despite the use of very heavy timbers, two serious cave-ins 
occurred, one of which killed three workmen. In some places gunite con- 
crete was applied to the timbered walls and arch to provide stability until the 
final concrete lining could be poured. The necessity for most of these costly 
means of support had not been expected by either the owners or the con 
tractors. The builders had planned to drive most of the tunnels with a 
nearly vertical working face, using a drilling jumbo, but this relatively inex- 
pensive method could not be adopted because the rock would not stand in a 
vertical face of large dimensions. 

The contractors contended with adverse conditions for two years. They 
were then fined, as provided in the contract, for failure to finish the tunnels 
on schedule. By this time the project was about 70% completed, but the 
builders rescinded their contract and unsuccessfully sued the highway district 
for $3,259,695.00.. In 1937 the Broadway Tunnel was finished by other 
companies (using essentially the same methods) and it has since been in con- 
tinuous service. ‘ 

TOPOGRAPHY OF THE TUNNEL SITE. 


The twin tunnels lie beneath the crest of the Berkeley Hills, nearly at 
right angles to the trend of the range. The southwest portal is in a canyon, 
and the tunnels underlie the upstream continuation of the canyon for a dis- 
tance of 1,600 feet (Fig. 2). Although this location minimized the necessary 
tunneling, the chosen site was topographically dubious. It is now known that 
the canyon follows an ill-defined zone of weakness in which the rocks are 
highly fractured and soft altered dikes exist in great numbers (Fig. 5). 


THE ROCKS OF THE AREA. 


Stratigraphic Summary.—Although the geology of the Broadway Tunnel 
is locally complex, all the rocks are relatively youthful. The principal forma- 
tions, whose areal distribution is shown in Figures 2 and 3, are as follows: 

8 Six Companies of California vs. Joint Highway District No. 13 of the State of California, 


and Hartford Accident and Indemnity Company; U. S. District Court, Northern Dist. of Calif., 
Southern Div., No. 20101R. 
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Thickness 
Age Formation (feet) 
Recent Superficial mantle. Soil, and surface ma- 0-25 


terials accumulated by slope wash and 
creep; unconsolidated. 


Pliocene ( ?) Diabase dikes. Largely altered and soft. 

Lower Pliocene Orinda formation. Nonmarine mudstone, 1500+ 
sandstone, and conglomerate; only slightly 
consolidated. 

Miocene ! Sandstone dikes. Mainly well consolidated. 

1 The sandstone is Miocene, and the time of its emplacement is either Miocene or Pliocene. 

Middle Miocene Claremont (= Monterey) chert, porcelanite, 1160+ 
and shale. Well consolidated, but highly 
fractured. : 

Middle (?) Miocene “Second sandstone.” Perhaps a member of 130-400 


Monterey formation. Mainly well con- 
solidated ; locally fractured. 


Middle (?) Miocene “Preliminary chert.” Brittle, highly frac- 10-300 
tured. 
Lower (?) Miocene Shale, sandy shale, and shaly sandstone. 30-300? 


Locally well consolidated, but more gen- 
erally friable, highly fractured, and weak. 


Lower Miocene ( ?) “Portal sandstone.” Locally cemented, but 50-400? 
more generally friable; well fractured. 
Lower Miocene (?) “First shale.” Brittle, highly fractured. 150 + 


“First Shale” (Miocene?).—This rock unit was not penetrated by the 
tunnels, but was exposed in the open cut at the west portal. It consists of 
dark brown, thinly bedded, brittle, highly fractured shale. 

“Portal Sandstone” (Miocene?).—The “portal sandstone” was exposed 
in the open cut at the west portal, and was the principal rock encountered in 
a small preliminary adit which was driven to test the ground prior -to the con- 
struction of the Broadway Tunnel. It is a gray sandstone, weathering buff, 
and is stratified obscurely if at all. It consists chiefly of quartz and feldspar, 
and contains particles of andesite (?). The grains are medium-sized, angu- 
lar to subrounded, and moderately well sorted. The sandstone is partially 
cemented, relatively resistant to erosion, and is topographically marked by a 
ridge near the west portal of the tunnels. Unfortunately, this fairly sub- 
stantial rock barely extends to the tunnels proper. Instead, in the vicinity of 
the west portal building it grades into shaly sandstone and sandy shale in which 
the tunnels were begun. The test adit did not reach these weaker rocks. 

Shale, Sandy Shale, and Shaly Sandstone (Miocene).—Sediments ranging 
from shale to shaly sandstone were studied by the writer in the open cut above 
the west end of the tunnels. These rocks are not in an orderly arrangement, 
structurally, but dip in: various directions in the few places where bedding can 
be discerned. The shale is generally not sharply set apart from the shaly 
sandstone, but is mingled with the latter in many places and locally grades 
into it. These sediments are faulted on a small scale and are weak, friable, 
and susceptible to softening by water. In the tunnels the shale and shaly 
sandstone required heavy timber support, and underwent considerable lateral 
movement even after having been timbered. Approximately 230 to 265 feet 
of the Broadway Tunnel is enclosed in this formation. 
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The shaly sandstone yielded a few poorly preserved marine fossils, which 
Mr. Frank Tolman kindly examined. The fossils, which include an Arca, are 
considered to be Miocene.® 

“Preliminary Chert” (Miocene).—After transecting the shale and shaly 
sandstone, the tunnels passed through 10 to 45 feet of highly fractured chert, 
porcelanite, and shale. This “preliminary chert” is lithologically indistinguish- 
able from the main mass of Claremont (Monterey) chert and shale described 
below. It was very treacherous ground. 

“Second Sandstone” (Miocene).—Beyond the “preliminary chert” belt, 
the tunnels penetrated the “second sandstone” (Fig. 3). This rock is pale 
gray, weathering buff, and is largely devoid of stratification. It has yielded 
no fossils. Unlike the shaly sandstone, the “second sandstone” is compara- 
tively uniform except for inclusions of shale. The sand grains, which are 
fine to medium and mostly angular, consist largely of quartz and abundant 
feldspar. Considerable chalcedony and some particles of andesite (?) are 
also present. The “second sandstone” is fairly well consolidated and would 
have been a satisfactory rock for tunneling except that it is closely fractured in 
many places and is cut by several unstable dikes. The formation locally 
showed micro-shears resembling pencil lines on the tunnel walls. It re- 
quired timber support prior to the pouring of the concrete lining. The tun- 
nels passed through 315 to 360 feet of the “second sandstone,” but it is doubt- 
ful that this width represents a true stratigraphic thickness. 

Claremont (Monterey) Chert, Porcelanite, and Shale (Middle Miocene) — 
The “Claremont shale” was named and described by Lawson,’® who chose as 
the type locality Claremont Creek, 1 mile northwest of the Broadway Tunnel. 
The siliceous shale, porcelanite, and chert of this unit is typical of parts of 
the Monterey formation (cf. Blake,’ Louderback,’* Bramlette,?* and many 
other authors). Lawson considered the Monterey to be a group, in which 
he included the Claremont shale as a formation. 

he Claremont chert and shale underlies the crestal portion of the hill 
pierced by the Broadway Tunnel, and constitutes nearly half the rock tra- 
versed by the latter. The formation, which is of marine origin, mainly con- 
sists of thin, sharply defined layers of cherty material alternating with less 
siliceous shale (Fig. 6). 

The cherty strata average about 1.5 inches in thickness, while the inter- 
vening shale beds average roughly 0.5 inch. There are probably about 5,700 
pairs of cherty and shaly strata in the Claremont formation of the Broadway 
Tunnel area; this is a rough figure, but it indicates the order of magnitude. 

Although the cherty beds seem uniform at first glance, they range from 


® Tolman, Frank, Oral communication. 

10 Lawson, A. C., Description of the San Francisco district, Tamalpais, San Francisco, Con- 
cord, San Mateo, and Haywards quadrangles: U. S. Geol. Survey folio No. 193, pp. 9-11, 1914. 

11 Blake, W. P., Notice of remarkable strata containing the remains of Infusoria and Poly- 
thalamia in the Tertiary formation of Monterey, California: Acad. Nat. Sci. Philadelphia Proc., 
vol. 7, pp. 328-331, 1856. 

12 Louderback, G. D., The Monterey series in California: California Univ. Pub., Dept. Geol. 
Bull., vol. 7, pp. 177-241, 1913. 

18 Bramlette, M. N., The Monterey formation of California and the origin of its siliceous 
rocks: U. S. Geol. Survey Prof. Paper 212, 1946. 
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0 to 4 inches in thickness, and close examination reveals local lenticular 
tendencies. The chert is originally chocolate brown, but upon exposure it 
becomes gray and during weathering it bleaches to a near-white. In some 
cases the fresh chert has very thin laminae of alternating dark and slightly 
lighter material; in this respect the rock resembles coarse-grained wood. 
The darker layers are richer in organic matter than the lighter layers, but are 
otherwise similar. The cherty strata are hard, brittle, and characteristically 
jointed transversely in a manner that produces rude, irregular prisms some- 
what like those of bituminous coal. Even the least-jointed chert shows 3 to 10 
transverse fractures per square inch of bedding area. 

In some parts of the Claremont formation actual chert is lacking, its place 
being taken by material slightly less dense and hard, but otherwise similar to 
chert. Taliaferro '* has used the term porcelanite for such rocks. Porcelanite 
is on the borderline between chert and shale; it resembles chert in color, 
fracture, and mode of occurrence ; however, it can be scratched (with difficulty ) 
by steel. In this paper porcelanite, as well as chert, will be included under 
the terms “cherty strata” and “‘cherty beds.” 

The shale intercalated between the cherty strata is dark chocolate brown, 
weathering gray to white, and is somewhat siliceous. There are almost no 
megascopic mineral grains, but Miocene Foraminifera and fish scales are lo- 
cally present. The shale is hard, but not as brittle as the cherty beds, and it 
lacks prismatic transverse jointing. It is slightly fissile. 

Although the Claremont formation is predominantly cherty material and 
shale, there are other lithologic types in minor quantities. One of the most 
characteristic is a ferruginous, siliceous dolomite which occurs in occasional 
rather lenticular beds about one foot thick. It is chocolate brown, weather- 
ing buff to orange-yellow. It is not as closely jointed as the chert, and many 
of the cracks are filled by carbonate-veins. The siliceous dolomite beds make 
traceable markers for detailed studies of local structure. 

Stubby lenses of siliceous dolomite, as well as the more stratiform dolo- 
mite beds, are found at intervals in the Claremont formation. In some respects 
they are similar to the beds described above, but commonly approach the shape 
of oblate spheroids or lenses elongated in one direction. They are one to two 
feet thick and three to eight feet long and show a laminated, oblique “woody” 
structure, coarser and more wavy than that of the chert. Asphalt and fine 
pyrite were noted in a few of the fractures. 

The upper 150 feet of the formation, as exposed in the tunnels, include 
several zones of relatively hard mudstone without the marked stratification 
which is so pronounced elsewhere. Interspersed with these massive portions 
are thin-bedded zones with some cherty layers. 

A rhythmically-bedded member ten to fifty feet below the eroded top of 
the Claremont formation lacks cherty beds; in their place it contains one- 
half- to one-inch layers of very fine sand alternating with thin shale intercala- 
tions. Each sandy stratum has a sharply defined base, but grades upward into 


14 Taliaferro, N. L., Contraction phenomena in cherts: Geol. Soc. America Bull., vol. 45, 
pp. 189-232, 1934. 
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shale, which is succeeded by another sandstone layer. This member is 18 to 30 
feet thick. 

Sandstone occurs elsewhere in the Claremont formation in the tunnel area, 
but most, if not all, composes dikes rather than beds. 

The Claremont formation all required constant support during the tunnel- 
ing. Parts of it are intensely shattered, and even the relatively uncrushed 
portions, which would have stood without timbers in a tunnel of small diam- 
eter, required timbering before the concrete lining was poured. 

As expected, the hard chert, porcelanite, and shale where highly fractured 
provided open conduits for water. Luckily, large quantities of water were not 
present overhead, and the flow from these conduits probably did not exceed 
120 gallons per minute at any one time. The formation does not soften ap- 
preciably when wet. On the whole, the water problem was not serious. 

The Claremont formation, like the Monterey rocks of many other areas, 
is highly bituminous, as the chocolate brown color would suggest. The chert 
and shale commonly give off a faint fetid odor when broken. Methane in 
dangerous amounts was detected at one place in the tunnel, and hydrogen sul- 
fide in small quantities was liberated from some of the fractured zones and 
from the contact with the overlying Orinda formation. Asphalt and heavy 
oil were observed at rare intervals oozing from fractures, both in the chert 
and shale and in adjacent sandstones and dolomitic lenses. Because of the 
danger of encountering inflammable gas or light oil, the builders of the Broad- 
way Tunnel adopted precautions similar to those in coal mines. In this proj- 
ect no trouble was experienced from bituminous or hydrocarbon products, but 
in the Claremont tunnel, which also passes through the Berkeley Hills, an ex- 
plosion and a persistent fire occurred where the rocks contained gas and oil."® 

Sandstone Dikes—Many dikes of sandstone, lithologically similar to the 
“second sandstone,” transect the rocks of the Claremont formation. Because 
of their unusual interest, these dikes are treated in detail in a separate section 
below. 

Orinda Formation (Pliocene).—The Orinda formation, mainly of non- 
marine origin, was first described by Lawson and Palache."* 

The Orinda formation occupies the northeastern third of the tunnel line. 
It overlies (stratigraphically) the Claremont formation with a slightly angu- 
lar unconformity along which some slippage has taken place. There is a basal 
conglomerate, 0 to 5 feet thick, which fills erosional depressions in the under- 
lying Claremont formation ; the pebbles are chiefly rounded bits of chert about 
the size of a walnut. The conglomerate locally exudes hydrogen sulfide and 
asphalt, both of which probably originated in the underlying Claremont 
strata. 

The bulk of the Orinda formation consists of poorly consolidated mud- 
stone and sandstone, with conglomerate at intervals. The mudstone is mainly 
dark gray, but some is maroon. It is soft, massive, and obscurely stratified. 

15 Young, Driving the Claremont tunnel: Eng. and Min. Jour., vol. 127, pp. 832-834, 1929. 


16 Lawson, A. C., and Palache, C., The Berkeley Hills, a detail of Coast Range geology: 
California Univ. Pub., Dept. Geol. Bull., vol. 2, p. 371, 1902. 
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The constituents vary from silt to clay. Some of the mudstone is sandy, and 
in countless places there are imperceptible gradations into sandstone. 

The sandstone of the Orinda formation occurs at innumerable horizons in 
ill-defined beds which range up to 65 feet in thickness, but which are mostly 
one to ten feet thick. Lenticular bedding and cross bedding are common- 
place in the sandstone. The color underground is gray, with a pale greenish 
cast locally. Most samples of the rock can easily be crumbled between the 
fingers. The sand grains are ill sorted and angular. Besides quartz and 
feldspar, red chert and other Franciscan debris are found as grains and pebbles. 

About 24 lenticular conglomerate beds in the Orinda formation were crossed 
by each tunnel. Most are one to ten feet thick, but some range up to more 
than 25 feet. The stratigraphic pinching and swelling of the conglomerate 
lenses is well shown by the different widths recorded on the two sides of the 
two tunnels. Most of the gravel is ill sorted and occurs in a poorly cemented 
sandy matrix. Cobbles are rare. The pebbles, which consist of quartz, chert, 
and other rocks, are subangular to well rounded. 

Not only is asphalt present in the basal conglomerate, but traces of hydro- 
carbons occur elsewhere in the formation, particularly in the lower part. In 
the north tunnel about five feet of bituminous sandstone was noted 25 feet 
above the bottom of the formation, and at station 137 + 70 in the same tunnel 
a small amount of oily material was found in a minor shear zone in sandy silt- 
stone. The hydrocarbons very likely originated in the bituminous Claremont 
chert and migrated into the Orinda formation along fractures. 

Fossils are rare in the Orinda sediments. Oysters were found in pebbly 
sandstone 19 feet (stratigraphically) above the base of the formation in the 
south tunnel and 22 feet above the base in the north tunnel, signifying that this 
part of the section was deposited in salty or brackish water—perhaps an estu- 
ary or bay. However, a camel bone was collected in the north tunnel at a 
stratigraphic position 115 feet above the base of the formation, denoting the 
nonmarine origin of the enclosing rock, and one or two lignite seams less 
than six inches thick were found 500 or 600 feet higher. The irregular bed- 
ding, poor sorting, and imperfect rounding of most of the sand and gravel, 
the maroon color of some of the mudstone, and the rarity of marine and la- 
custrine fossils suggest that much of the Orinda formation in the tunnels is of 
fluviatile origin, presumably representing floodplain deposits or the subaerial 
parts of a delta. The evidence here is in keeping with that in neighboring dis- 
tricts, where vertebrate remains (cf. Merriam ‘') and a few marine fossils 
(cf. Richey **) indicate a variable depositional environment near sea level, and 
have served to establish the age of the formation as lower to middle Pliocene. 

The mudstone and sandstone of the Orinda formation are soft and were 
easily drilled with augers during the tunneling. They are not closely fractured 
for the most part, but instead have a blocky character. However, they re- 
quired timbering throughout. Large blocks and slabs tended to work loose, 


17 Merriam, J. C., Vertebrate fauna of the Orindan and Siestan beds in middle California: 
California Univ. Pub., Dept. Geol. Bull., vol. 7, pp. 373-385, 1913. 

18 Richey, K. A., A marine invertebrate fauna from the Orinda, California formation: Cali- 
fornia Univ. Pub., Dept. Geol. Bull., vol. 27, pp. 25-36, 1943. 
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and a dozen or so shear zones in the formation caused local weakness. The 
conglomerate beds conducted moderate amounts of water into the tunnels, 
and under the influence of this and other moisture a good deal of the mudstone 
became unstable. 

Diabase (Pliocene?).—Many dikes of diabase are present in the area of 
this report, particularly in the rocks of the Claremont formation. Most of 
these dikes have been softened by hydrothermal alteration, and were a par- 
ticularly unfavorable factor in the tunneling. Therefore they will be treated 
in detail in a separate section below. 


GEOLOGIC STRUCTURE, 


In a broad sense, the Broadway Tunnel lies within an overturned limb of 
a syncline. The major part of the tunnel is in a homoclinal part of this limb, 
but the southwest end is in complexly disturbed rocks which are cut by many 
irregular dikes. There is therefore a decided contrast in the structural con- 
dition of the rocks at the two ends of the tunnel. 


Orinda (Pliocene) Orinda lastic dike; Clastic diKe; Cleremont Dolomtic Clastic dike; Dike of 
clay: siltstone & besa/ conm- herd Miocene soft Orinda (Miocene) bed hard Miocene altered diabose; 


Imei! 
soft sendstone giomerate sandstone sandstone chert & shale sandstone soft & weak 


faults 
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Fic. 4. Geological features exposed on south wall of north tunnel near Clare- 
mont-Orinda contact, looking at interior of a small segment of tunnel. All the 
strata are overturned. Note relations showing chronology of successive minor 
faults, sandstone dikes, and diabase dikes. Survey stations give scale. 


The Overturned Syncline-—The major syncline trends northwest. The 
axial region is 0.7 mile northeast of the Broadway Tunnel, which is within 
the southwest limb of the fold. Since this limb is overturned in the tunnel 
area, the strata generally dip toward the southwest, i.e., away from the axial 
region. The inverted limb, but not the synclinal trough, is shown in Figure 3. 

The existence of the overturn is obvious from the relations of the Clare- 
mont and Orinda formations, the older Claremont strata being above and the 
Orinda below the inclined boundary between them (Fig. 4). Supplementing 
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well known paleontological and regional evidence, many local physical features 
of the rocks in the tunnels indicate the original upward and downward direc- 
tions within the sedimentary column. Graded bedding in the upper part of the 
Claremont formation, the pebbles of Claremont chert found in the basal Orinda 
sediments, and the channel fillings, graded bedding, and cross bedding in 
the latter formation are fairly consistent in their implications. On the other 
hand, minor wrinkles of a drag fold type in the Claremont formation are con- 
tradictory and unreliable as indicators of stratigraphic orientation. 

The average dip of the beds in the simple, homoclinal part of the syncline 
is about 60° and the strike is nearly normal to the tunnel line. This condition 
is considered an advantage in tunneling. It probably reduces the overbreak 
involved in blasting, minimizes the raggedness of the rock walls, and reduces 
the span of unstable strata and bedding faults extending from wall to wall 
of the tunnel. However, in the Broadway Tunnel the expected advantages of 
meeting the strata more or less at right angles to the strike were not fully 
realized because of the unsystematic arrangement of irregular dikes and the 
prevalence of diagonal faults. 

Minor Folds.—The beds of Claremont chert and shale, being incompetent 
except when considered in small specimens, show many small-scale waves, 
wrinkles, and contortions. This is particularly true of parts of the chert and 
shale in the southwestern third of the tunnel section. 

Obscure, unsystematic contortion prevails in the indistinctly bedded shaly 
sandstone and shale of the west portal area. 

The Orinda formation is massive and is free of minor crenulations. 

Major Faults——Reconnaissance observations indicate that there may be 
a fault southwest of the west portal, separating the tunnel section from a belt 
of Cretaceous rocks, but this locality was not carefully studied because it was 
not crossed by the tunnels. ; 

A fault zone perhaps 30 feet wide is partly exposed in the Claremont forma- 
tion on the old Tunnel Road directly above the Broadway Tunnel 800-900 
feet from the west portal. This structure had been penetrated underground 
prior to the writer’s study of the tunnel, and although the concrete lining had 
not been poured, the lagging and closely spaced timbers prevented identification 
of the fault planes, if any exist. At the tunnel level the zone in question is 
virtually lost in a confused area more than 600 feet wide, where the strata are 
highly fractured, locally contorted, and cut by many irregular dikes. This 
general complexity and weakness was a more important factor in tunneling 
operations than was the fault zone itself. 

Minor Faults.——The pattern of minor faults in a part of the tunnels is 
shown in Figure 4. The oldest members of the system are bedding faults of 
very small displacement. These are found in the Claremont and Orinda 
formations, and like the enclosing rocks they dip steeply southwest. Pre- 
sumably they were developed during folding of the formations, in which case 
the hanging wall in each instance has moved relatively upward and north- 
easterly with respect to the footwall. In the Claremont formation the bedding 
faults seen underground consist of one-half to six inches of plastic gray gouge, 
sharply bounded by plane surfaces of the chocolate colored chert or shale ; they 
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occur at 5- to 100-foot intervals. The bedding faults in the Orinda forma- 
tion have an entirely different expression, consisting of ill-defined shear zones 
one-half to five feet wide. Within these zones, which are generally developed 
in the mudstone members, the rock is not pulverized or brecciated, but is simply 
sheared into slickensided lenticular plates, the soft rock exhibiting a surprisingly 
high polish. The Orinda section in the tunnels is cut by about 12 bedding 
faults in a horizontal distance of 1000 feet. 

The bedding faults are locally offset one to ten feet by small north to north- 
west-trending thrusts which dip between 35° and 45°. Some are inclined 
toward the northeast, and some to the southwest, thus forming a conjugate 
pattern. 

The above described faults are offset by a group of nearly vertical east- 
west faults of very small displacement (one to ten feet) which are well devel- 
oped in the Claremont formation. They are left lateral faults,’® and the 
north side appears to have risen with respect to the south side. 

The several sets of minor faults in the tunnel area have cut the rock mass 
into large polygonal blocks separated from one another by gouge or breccia. 
The width of the tunnels is such that the partial weight of some of these blocks 
had to be borne by the timbers and concrete whereas many of the individual 
blocks would have spanned the width of a small tunnel. 

Important Miscellaneous Fractures—In many places the rocks of the 
Broadway Tunnel area are generally and intensely fractured, with or without 
proximity to definite faults. In the north tunnel this condition prevails for a 
horizontal distance of 235 feet in the shaly sandstone and shale near the por- 
tal; for about 40 feet in the “preliminary chert and shale” ; for 120 feet in the 
“second sandstone”; and for about 600 feet in the area of Claremont chert and 
shale. Thus out of 2,900 feet of rock traversed by this tunnel, approximately 
1,020 feet or 35 percent was highly fractured and locally crushed. This was 
one of the most serious factors in tunneling. 


SANDSTONE DIKES. 


The geological complexity of the southwest half of the tunnels is not 
so much the result of folds and faults as of numerous dikes (Figs. 3,5). Some 
of the dikes are igneous, but others are intrusive sandstone. Sandstone dikes 
have long been recognized in California (Diller;*° Branner, Newsom, and 
Arnold,”* Newsom,” and Jenkins **). 

Field Relations —The sandstone dikes of the Broadway Tunnel area are 
particularly abundant in the Claremont (Monterey) formation. More than 
17 were crossed by the north tunnel alone. Underground, they were con- 
spicuous because their gray-white color contrasted with the background of 

19 Hill, M. L., Classification of faults: Am. Assoc. Petroleum Geologists Bull., vol. 31, pp. 
1669-1673, 1947. 

20 Diller, J. S., Sandstone dikes: Geol. Soc. America Bull., vol. 1, pp. 411-442, 1890. 

21 Branner, J. C., Newson, J. F., and Arnold, Ralph, Description of the Santa Cruz Quad- 
rangle, California: U. S. Geol. Survey, Geol. Atlas, no. 163, Santa Cruz folio, 1909. 

22 Newsom, J. F., Clastic dikes: Geol. Soc. America Bull., vol. 14, pp. 227-268, 1903. 


23 Jenkins, O. P., Sandstone dikes as conduits for oil migration through shales: Am. Assoc. 
Petroleum Geologists Bull., vol. 14, pp. 411-421, 1930. 
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drak brown chert and shale. At the ground surface they are buff-colored. 
They commonly crosscut the surrounding strata, but in some instances they 
are sill-like, lying between the shale beds for a distance of several feet, with 
only local discordance. This circumstance sometimes makes it difficult to 
distinguish intrusive sand from sedimentary beds in situ, where exposures are 
small. 

In most cases the sandstone dikes strike nearly parallel with the enclosing 
chert and shale beds, but dip at a discordant angle. In a few instances they 
strike nearly parallel with the tunnels, i.e., northeast. 
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Fic. 5. Dikes exposed in roadcuts above tunnels. Concentration of soft altered 
diabase dikes above centerline of tunnels, together with topographic concavity, 
suggests that tunneis are located in particularly weak zone. 


Sizes and Shapes.—The sandstone intrusions range from a fraction of an 
inch to at least 82 feet in thickness, and some probably exceed 200 feet in length. 

The shapes of the dikes are limitless, varying from fairly tabular to radically 
bizarre forms (Figs. 5, 7,8). Some dikes are thin and elongated; some are 
thick and stubby. Some are “streamlined” in cross section, with smoothly 
convex sides and pointed or rounded terminations. Others are ragged in out- 
line, and some have finger-like branches. Several dikes are segmented and 
slightly offset, with no visible faults in the enclosing rock. A few of the seg- 
mented dikes suggest the phenomenon of boudinage (cf. Cloos **), but this 
impression is based solely upon configuration. 

Structure and Composition—tThere is no visible planar structure such as 
is found in certain other clastic dikes (see, for instance, Diller, op. cit., and 


24 Cloos, Ernst, Boudinage: Am. Geophys. Union Trans., vol. 28, pp. 626-632, 1947. 
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Fic. 6. (Upper) Claremont (Monterey) chert, porcelanite, and shale exposed 
on Skyline Blvd. near Broadway Tunnel. Photo by C. F. Tolman. 

Fic. 7. (Lower) Sandstone dikes in roadcut. The white and mottled rocks 
are sandstone ; the thinly bedded rocks are Claremont chert, porcelanite, and shale. 
Photo by C. F. Tolman. 
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Newsom, op. cit.). The intrusive sandstone is devoid of megascopic struc- 
tures except joints and inclusions of wall rock. Joints occur both at random 
and occasionally in sets roughly normal to the borders of the dikes. In the 
terrain of the Claremont formation, the sandstone dikes are not as highly frac- 
tured as the enveloping chert and shale. 

The sand of the clastic dikes is generally fine and moderately sorted. Most 
of the grains are angular, and some are fractured. The chief minerals are 
quartz, which predominates, and feldspar, but chert and other fine grained 
aggregates compose some of the sand grains. Muscovite is very scanty. No 
ferromagnesian minerals are found except for rare, small flakes of biotite. 
Some of the sand grains are slightly embayed and partly replaced by secondary 
minerals. Much of the microcrystalline matter in the grains, matrix, and al- 
tered portions has not been identified. 
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Fic. 8. Sandstone dikes exposed on south wall of south tunnel. Stippled 
areas are sandstone; dashed areas are Claremont chert, porcelanite, and shale. 


Most of the intrusive sandstone is well cemented with calcite, and the 
rock is fairly hard and brittle except where crushed or weathered. In several 
instances asphalt was noted as a joint filling. 

Origin and Age.—The writer believes that the sand of the dikes came 
from below, and that it was provided by sand beds within the Miocene sec- 
tion. The “second sandstone” was probably a principal source, as the lithology 
is similar to that of the dikes, and the field relations are indicative. The “sec- 
ond sandstone” varies markedly in thickness within a short distance along 
the strike, and its borders are discordant (Fig. 3). The marginal parts of the 
“second sandstone” are locally crowded with siliceous shale fragments derived 
from the adjacent, younger, Claremont formation. These observations show 
that the second sandstone has tended to move as an unstable mass, and portions 
of it may have had intrusive tendencies. 
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Whatever the source bed(s) may have been, the sand obviously remained 
incoherent after the Claremont chert and shale had become lithified and brittle. 
The interstices between the sand grains probably contained connate sea water, 
but cementation was retarded. Fractures developed in the overlying Clare- 
mont strata, in response to the crustal movements that preceded the deposition 
of Orinda sediments. Meanwhile, presumably petroleum was evolving in the 
organic, argillaceous parts of the Miocene section, and oil and gas began to 
pass through the newly formed fractures. Petroleum displaced connate water 
of the sand layers, and the sand became potentially more and more mobile. As 
fractures became extensive and interconnected, the oily sand moved upward 
into cracks in the mass of chert and shale. The role of oil was suggested by 
Newsom * in the Santa Cruz area. That the chert and shale were indurated 
and brittle is proved by the angular fragments of these materials which are 
contained in the sandstone dikes. The weight of the overlying sediments 
may have sufficed to motivate the clastic intrusions. The pressure was per- 
haps augmented by the tectonic forces that folded the formations, but folding 
is not universally a factor in the production of sandstone dikes; some of the 
clastic dikes near Santa Cruz cut nearly horizontal beds of Monterey shale. 
The angularity of the sand grains is probably an original sedimentary feature 
rather than a result of crushing. 

The formation of large numbers of sand dikes transecting the chert and 
shale doubtless facilitated upward movement of fluids. Oil and gas very likely 
rose through these effective conduits, as suggested by Jenkins * in the case 
of the Coalinga-Kettleman Hills area. The fluid hydrocarbons were followed 
by water, which flushed the pores of the dikes, and calcium carbonate pre- 
cipitated in the openings. The sand of the dikes became cemented, and some 
of the fractures in the chert and shale were healed with calcite fillings. 

The sedimentary age of the sand is believed to be Miocene, as the Creta- 
ceous sandstone which underlies the Miocene formations does not closely 
resemble the intrusive sandstone. No fossils were found in the dikes, how- 
ever, so the age has not been positively determined. 

The time at which the sand was intruded is believed to be late Miocene 
or earliest Pliocene—i.e., pre-Orinda. No sandstone dikes are exposed in 
the Claremont formation at the contact with the Orinda formation, so one can- 
not see whether or not the dikes are truncated and overlapped by the Pliocene 
formation. Despite the lack of exposures of the critical relationships, it is 
likely that the dikes were formed prior to the deposition of Orinda sediments 
because no clastic dikes were found in the latter. This circumstance might, 
of course, be explained by the fact that the Orinda formation is not brittle and 
possibly failed to develop tension cracks suitable for sand intrusions. 


SOFT DIABASE DIKES. 


One of the most adverse features of the tunnel terrain is the swarm of dia- 
base dikes, most of which have been softened and weakened by hydrothermal 
alteration. 

25 Newsom, J. F., Clastic dikes: Geol. Soc. America Bull., vol. 14, pp. 227-268, 1903. 


26 Jenkins, O. P., Sandstone dikes as conduits for oil migration through shales: Amer. Assoc. 
Petroleum Geologists Bull., vol. 14, pp. 411-421, 1930. 
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Field Relations—Like the sandstone dikes, the diabase intrusions are 
particularly abundant in the chert and shale of the Claremont (Monterey) 
formation, but some are found in the “second sandstone” stratigraphically be- 
neath the Claremont formation, and a few occur in the Orinda rocks strati- 
graphically above the Claremont. 

Generally the diabase composes dikes, but there are local sill-like offshoots. 
The trends are almost infinite, but statistically the prevailing strike is about 
east-west, and the “preferred” dip is very steeply southward (Fig. 3). 

The tunnels were by accident located in one of the worst parts of the dike 
area, where the intrusions are softened and very numerous. The roadcuts 
along Grizzly Peak Boulevard show an exceptional concentration of the diabase 
bodies at the tunnel line. 

Where the dikes are enclosed in chert and shale, the bordering rocks are 
commonly baked and blackened for a distance of one to twelve inches. This 
is probably caused by the development of clouds of minute graphite crystals 
formed at the expense of organic matter. Where a large diabase dike crosses 
the “second sandstone,” the latter is altered to a very hard material in which 
the interstitial matter has reacted with the sand grains. 

Several of the ciabase intrusions cut sandstone dikes, thus clearly establish- 
ing the relative ages. 

Sizes and Shapes.—The largest diabase dike crossed by the tunnels is 405 
feet long and up to 21 feet thick, but the great majority of the dikes are only 
one to ten feet thick. They are rarely tabular in form, but commonly assume 
amazingly irregular outlines (Figs. 5, 9, 10,11). The irregularity and dis- 
continuous character of these intrusive bodies made it impossible to project 
them from one tunnel to another, or even from one wall to another within a 
single tunnel. 

Composition —The dike rocks are termed diabase for lack of a better word. 
Unaltered specimens, which are rare, are dark gray to black and consist 
chiefly of labradorite (or less commonly andesine) and augite. Accessory 
minerals include needles of apatite enclosed in the feldspar, and iron ores such 
as chromite, magnetite, and ilmenite. The texture is not ophitic, as re- 
quired by some definitions of the term diabase, but it is generally coarser than 
that of most basalts. The plagioclase forms a groundmass of matted laths, 
and the augite occurs in euhedral and subhedral grains. 

Only a few of the dikes have escaped alteration. The great majority have 
been hydrothermally altered to a soft aggregate that is nearly white where un- 
weathered, and yellowish where partially oxidized. The transformation is so 
profound that preliminary identifications of the altered material ranged from 
volcanic ash to fault gouge. 

The altered rock in typical cases is 30 to 60 percent labradorite, 20 to 35 
percent calcite or dolomite, and 10 to 35 percent clay. No ferromagnesian 
silicates remain. The carbonate occurs in grains and aggregates having about 
the same size and distribution as the augite in unaltered dikes; therefore it 
probably replaced the pyroxene. It also occurs as amygdules the size of bird- 
shot; these have a thin outer layer of fine carbonate and an inner filling of 
coarse carbonate. The most abundant clay mineral is probably beidellite, 
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judging from the optical properties. It is interstitial with respect to the lab- 
radorite laths, and may possibly have formed at the expense of original glass. 
Another, less plentiful clay-like mineral is white and opaque under the micro- 
scope, and forms a coating on feldspar and carbonate grains. Incipient altera- 
tion has affected the cores of zoned plagioclase laths in some specimens. 
Chlorite is found in several of the dikes, and leucoxene is common in the il- 
menite-bearing rocks. Minute cubes of pyrite or limonite are locally dis- 
seminated in the dikes and bordering formations. 

Characteristics Affecting Tunneling—The altered diabase was moist 
when penetrated underground. In this condition, the clay minerals were 
plastic. When struck with a hammer, the rock responded with a dull thud. 
Handfuls of the material could be squeezed between the fingers, like putty. 

Many of the dikes occupy minor faults, and movement on some of these 
faults has recurred since the emplacement of the diabase. The latter is 
weakened not only by hydrothermal alteration, but by varying amounts of 
shearing and slickensiding, accompanied in places by intense crushing of the 
bordering chert and shale. The resulting instability can hardly be exaggerated. 

The altered diabase and adjacent ground required support prior to the 
pouring of the concrete lining of the tunnel. Square sets were locally used in 
addition to the regular heavy timbering, and gunite was applied in several of 
the dike areas to minimize the movement of the ground. 

Origin and Age.—The basic magma that produced the dikes rose through 
fissures and minor faults, seeping into all available crevices. Some probably 
reached the surface and poured out to form the flows of the Moraga formation 
and the Bald Peak basalt (see Concord quadrangle **), although the correlation 
has not been proved. 

The intrusive episode occurred in Late Pliocene or Early Pleistocene time, 
as the Orinda formation was invaded by the magma. The Moraga formation 
and Bald Peak basalt have been folded, so it is likely that the intrusions ante- 
date the chief Cenozoic folding of the Berkeley Hills area. 


TUNNELING DIFFICULTIES RELATED TO GEOLOGY, 


Lateral Pressure Near Portal—The southwest end of the Broadway 
Tunnel is in a fairly large ravine (Fig. 2). The tunnel line is roughly parallel 
with the latter, which is commonly damp but seldom contains running water. 
The topography affected the initial work, stresses developing in downslope 
directions. Three slopes were influential: the two sides of the canyon, and 
the inclined stream channel. When the underground excavation was begun, 
soft superficial mantle deposits formed the south tunnel roof. This over- 
burden not only exerted its weight vertically, but also tended to move down- 
stream. In the same tunnel, transverse forces were exerted from the hill- 
side to the southeast, and ‘a 2,000 cubic yard slide occurred from this slope, 
burying one of the portals. Continued downstream stress made it necessary 
to brace the south tunnel timbers against the reinforced concrete portal build- 
ing by means of heavy shoring. 


27 U. S. Geol. Survey Geol. Atlas, no. 193, San Francisco folio, 1914. 








162 BEN M. PAGE. 


The shaly sandstone and shale bedrock likewise were unstable, and during 
the early work in the southwest portion severe lateral pressure from the north- 
west was exerted upon the north tunnel. A local fault, nearly parallel with 
the tunnel but slightly northwest of it, began to gape widely at the ground 
surface. 

General Instability of Southwest Portion.**»—Heavy timbering was neces- 
sary in the shaly sandstone and shale from the outset. The operators, ex- 
pecting firm ground ahead, left the core intact in the first part of the tunnels 
to support stulls which braced the arch timbers, and continued headward ex- 
cavation for the walls and arch. They planned to stop the advance at the 
first substantial formation and pour concrete in the completed part of the ex- 
cavation, but no stable ground was reached. When both tunnels had been 
driven 90 or 100 feet it was imperative to pour the concrete, and this was 
done, the core then being removed. The shaly sandstone and shale were so 
weak the face of the core in places would not stand at a slope steeper than 45°. 

A good deal of reliance had been placed upon reports of the firm rock 
found in a test adit that had been driven near the site of the west portal, and 
the contractors expected to encounter such rock at any moment. The test adit 
is now obliterated, but the writer believes that it mainly penetrated the “portal 
sandstone” and that it exposed the rock at the site of the portal building with- 
out reaching the starting point of the tunnels! After the first 90 or 100 feet 
of both tunnels had been lined with concrete, the builders drove farther and 
farther into the hill, but still the anticipated solid rock was not reached. 
Months later, when pilot drafts had been completed from portal to portal, it 
was evident that none of the ground could be left unsupported prior to pouring 
the concrete lining. Before construction had begun, most parties involved in 
the project believed that no timbering would be necessary except near the por- 
tals and at local fault zones. ; 

Running Ground.—Before the tunnels reached the “second sandstone,” 
they passed through the belt of “preliminary chert and shale” physically similar 
to the main mass of Claremont chert and shale beyond. This preliminary belt 
proved to be highly shattered and wet, and locally the small, brittle fragments 
tended to stream into the tunnels, requiring breast boards and spiling. “Run- 
ning ground” of this nature was also found in a great many places within the 
principal area of the Claremont formation, along small faults and adjacent to 
likes and in vaguely defined zones. The anticipated advantages of the Clare- 
mont chert and shale were nullified by this behavior together with the gradual 
stresses developed in the formation. 

Effects of Irregular Rock Distribution—The sporadic occurrence of 
crushed rock, the haphazard arrangement of soft, altered diabase dikes, and 
the unpredictable distribution of comparatively hard sandstone dikes made it 
virtually impossible to plan the tunneling procedure in detail. While the 
headings of one tunnel might expose rock firm enough to justfy plans for 
advancing a vertical face with a drilling jumbo, the headings of the other tun- 
nel at a comparable point might suddenly enter running ground. 


‘ 


28 The writer had no connection with the project at the outset, but was informed of early 
events by Mr. L. M. Larson, who was in charge of part of the work. 
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Fic. 9. (Upper) Soft, altered diabase dikes in roadcut. Dikes (white) have 
been largely altered to clay minerals and carbonates. Enclosing rocks (dark) are 
Claremont chert, porcelanite, and shale. Photo by C. F. Tolman. 

Fic. 10. (Lower) Complex geology in roadcut directly above tunnels. Te = 
Claremont chert, porcelanite, and shale. ss = sandstone dike. db = soft, altered 
diabase. Photo by C. F. Tolman. 
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Effects of Numerous Rock Units—The many clastic and igneous dikes 
provide a multitude of lithologic contacts, along which differential movement 
has occurred in many instances. These contact surfaces cross the tunnels at 
all angles. The instability of the ground may be partly ascribed to the numer- 
ous small rock units imperfectly joined together. 

Effects of Water—No water problems were encountered other than those 
normally expected. During the tunneling all the rocks except parts of the 
Orinda formation were damp and some locally yielded a flow of one to 150 
gallons per minute. This production dwindled as the hill above the tunnels 
was gradually drained, but during the wet season the flow was renewed 
promptly after rainfall. 

Some of the rocks are soft, plastic, and unstable while wet. This is true 
of the mudstone of the Orinda formation. Conglomerate beds in the Orinda 
carry water and feed it to adjacent sandstone and mudstone. In the Broad- 
way Tunnel the timbers showed a good deal of strain in areas of wet mud- 
stone, and several sodden masses of this material fell into the pilot drifts. 
Moreover, water running along the floor of the drifts was soaked up by mud- 
stone which developed a “capillary fringe” of saturation. As a result, mud- 
stone along walls within a foot or two of the floor softened and tended to 
slough into the drifts. 

Local presence of water also aggravated the weakness of altered diabase 
dikes. 

The chert and most of the shale of the Miocene formations are not softened 
appreciably by water, but where crushed they contain troublesome “pockets” 
of water. The fragmental material, which would have been difficult to con- 
trol in any case, was locally swept down into the pilot drifts by pent up water 
under appreciable hydrostatic head. 

The effects of water were not entirely adverse. The Claremont chert and 
shale, being brittle and well fractured, stand better when slightly damp than 
when dry. Films of moisture in the cracks serve to preserve some degree of 
cohesion between adjoining fragments or blocks of rock. Destruction of the 
films by prolonged exposure to air permits some disintegration of the mass. 
This is not to be confused with the “air slacking” of shales which shrink and 
crack during dehydration of clay. 

Water is detrimental if abundant, but advantageous if it occurs merely as 
cohesive films in joints. The prediction of the amount and effect of moisture 
is therefore an important consideration in the planning of tunnels, but it is 
one of the most difficult predictions expected of geologists. 

Gas and Oil—The danger of encountering inflammable oil and gas, or 
toxic gas, was purely potential. Fortunately, no light oil, and mere traces of 
CHy,, CO., and H,S, were found. An exception. was one dangerous occur- 
rence of methane which was readily detected and quickly dissipated. The 
possibility of meeting these hazards necessitated safe equipment and routine 
gas tests after each round of blasting. 

Behavior of Hydrothermally Altered Diabase.—The altered diabase dikes 
are among the outstanding elements in the geology of the Broadway Tunnel. 
Weakened by internal fractures and shear planes, and rendered soft by the de- 
velopment of clay minerals, they are unsubstantial and treacherous. Differ- 
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ential movement along the margins has locally pulverized the bordering chert 
and shale. The dikes not only tended to cave into the tunnels, but being soft, 
they permitted gradual movement of the adjoining masses of rock. The 
plastic behavior of the altered diabase was aggravated by moisture, and where 
wet the dikes sloughed into the tunnels, shedding semi-solid chunks and frag- 
ments which disintegrated further after falling to the tunnel floor. In less 
common cases, mushy bits of altered dike material literally spattered upon im- 
pact with the floor. 

In parts of the diabase dike swarm, square sets and gunite, as well as the 
usual heavy timbers, were used for temporary support until concrete could 
be poured. 

The First Cave-in—By the time the north tunnel had been fully excavated 
for 1,053 feet and the south tunnel for 1,289 feet, the timbers in the unlined por- 
tions had been locally forced out of position and had to be trimmed or replaced 
to allow for a full thickness of concrete lining. On August 28, 1935, during 
the adjustment or replacement of timbers, a cave-in occurred near station 
114 + 10 in the north tunnel, killing three workmen. This resulted in sus- 
pension of the excavation and the beginning of the writer’s detailed geological 
examination which is the basis of the present report. 

The location of the cave-in is shown in Figures 2 and 3. There was ap- 
proximately 100 feet of rock above the tunnel at this point, and the caving ex- 
tended to the surface of the ground, leaving a subsidence. The tunnel was 


Sma// Dolomitic Dike of altered Claremont (Miocene) 
favit bed Ciabase; soft, weak chert and shele 






























































Fic. 11. Geology exposed on south wall of north tunnel at site of cave-in of 
February 22, 1936. Caving started in soft, altered diabase and spread to adjacent 
faulted chert and shale. Tunnel had been timbered, but timbers are omitted from 
diagram. Survey stations give scale. 
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filled for a distance of 125 feet, and the debris became compacted and had to 
be drilled and blasted for removal. 

The cave-in occurred in the “preliminary chert and shale” belt at its con- 
tact with the “second sandstone.” This chert and shale belt, which was not 
anticipated by the contractors, is about 60 feet wide in the north tunnel, and 
consists of steeply dipping beds, more or less contorted, generally highly frac- 
tured, and locally minutely crushed. The contact with the “second sandstone” 
is discordant and physically weak. It is possible that in the past the sand 
moved in the mobile fashion of the standstone dikes described in a preceding 
section, although the material at present is moderately cemented. 

The Second Cave-in—Tunneling had been resumed for a period of two 
months following the first cave-in, when a similar but non-fatal accident took 
place farther along in the north tunnel. This happened on February 22, 1936, 
near station 126 + 20, which is a point beneath the highest part of the hill 
(Figs. 2, 3, 5). 

The second cave-in was clearly caused by the weakness of a hydrothermally 
altered diabase dike. The dike, which was three inches to eleven feet wide, 
occurred in a faulted zone (Fig. 11). Since it was not as soft as many of the 
altered dikes crossed by the Broadway Tunnel, the dike at station 126 + 20 
was all the more deceptive. The cave-in occurred in a fully timbered section, 
and filled the tunnel from wall to wall, flattening a power shovel as though it 
had been made of cardboard. Caving continued at intervals for several hours, 
until the top of the debris and the void in the roof extended upward far above 
the normal arch of the tunnel. 

CONCLUSIONS. 


The history of the Broadway Tunnel emphasizes once again the need for 
accurate geological examination rather than mere reconnaissance prior to tun- 
nel construction. The geological details of this particular area indicate the 
care with which such an examination must be made. Even after the ground 
has been studied painstakingly, in some regions uncertainties make it risky for 
contractors to undertake tunneling for a fixed price. 

The unfavorable geological features of the Broadway Tunnel area from 
an engineering standpoint include: 1. Lateral pressure locally exerted upon the 
twin tunnels because of a tendency toward gravitative mass movement of sur- 
ficial material and faulted rock. The direction of movement was partly de- 
termined by topography. 2. General instability of Miocene shaly sandstone 
and shale. 3. “Running ground” in excessively fractured parts of the Mio- 
cene Claremont chert. 4. The constant threat of encountering inflammable gas 
and oil in the Claremont chert. 5. Irregular, non-geometric rock distribution. 
6. Numerous rock units, affording a multitude of unstable contacts. (Sand- 
stone dikes are involved in items 5and 6.) 7. Hydrothermaily altered diabase 
dikes, which not only produced some of the conditions noted in 5 and 6, but 
also showed a weak, plastic, treacherous behavior. 

Some of the unfavorable conditions were foreseen by the owners and con- 
tractors, but several were not; fatalities and financial loss resulted. 

STANFORD UNIVERSITY, 

STANFORD, CALIF., 
November 17, 1949. 











RADIATION SURVEYS WITH A SCINTILLATION COUNTER. 
GEORGE M. BROWNELL. 


ABSTRACT. 

A portable Scintillation counter for measuring radiation intensities 
with speed and accuracy has recently been developed. This new instru- 
ment is about one hundred times more sensitive than a portable Geiger 
counter and will find particular use in the search for and development of 
radioactive mineral deposits. The instrument can be used for making 
accurate assays of radioactive samples and may be used as a spectrometer 
to distinguish between uranium and thorium in ores. 

An account is given of the first use of portable Scintillation counters 
in making radiation surveys over pitchblende deposits in the Lake Atha- 
baska region. Maps were constructed showing “isorads” or zones of equal 
radiation intensity about the pitchblende deposits that provided a pattern of 
the vein system and located new veins. Over territory where no known 
pitchblende deposits occurred, the survey picked out zones of radiation 
where search should be concentrated. 


INTRODUCTION. 


THE search for uranium will be greatly facilitated by the development of a new 
portable Scintillation counter that was developed early in 1949. The first two 
test models of this instrument were used in radiation surveys of pitchblende 
deposits in the Lake Athabaska region with very satisfactory results. 

This instrument was developed by R. W. Pringle* and K. I. Roulston ? 
with the advice and assistance in its development for field use by the author. 
It records the effect of gamma radiation on certain crystals and is at least one 
hundred times more sensitive than the best portable Geiger counter. It has 
the important advantage of being able to measure quantitatively the intensity of 
gamma radiation with speed and accuracy and of being able to distinguish, in 
the field, between thorium and uranium gamma radiation where this may be 
necessary. Field assay of specimens may be made to a high degree of accu- 
racy. The variations in intensity of gamma radiation are recorded with a rate- 
meter device having an integrating time which can be varied to suit the par- 
ticular problem. 

Cosmic rays of a particle nature are detected with an efficiency of one hun- 
dred percent in the Geiger, whereas the efficiency for the detection of gamma 
rays varies between 0.1 and 1.0 percent, the range of sensitivity varying accord- 
ing to the energy of the rays and the cathode material of the tube. In contrast 
with these properties, the Scintillation counter has a gamma ray efficiency ap- 
proaching one hundred percent. With an efficiency in the order of one hun- 
dred percent for gamma ray detection by the Scintillation counter, it is obvious 
that the cosmic ray count becomes negligible in this instrument. For example, 


1 Associate Professor of Physics, University of Manitoba. 
2 Assistant Professor of Physics, University of Manitoba. 
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a background count of several thousand pulses per minute in the Scintillation 
counter is obtained and of this probably ten counts per minute may be due to 
cosmic rays. Comparison with the Geiger counter is illustrated as follows: 


Total radiation through Geiger Scintillation 
counting meter per minute counter counter 
SE CE ck cide neckhesexereenes 10 10 10 
Gamma rays from rocks ............. 3,000 30 3,000 
a a ee eee 3,010 40 3,010 


From this it is apparent that small increases in gamma ray intensity will give 
significant readings in the Scintillation counter, whereas such increase would 
not be detected by a Geiger. The higher counting rate of the Scintillation 
counter gives a much steadier reading and a counting time of about five sec- 
onds. This new instrument is rugged in construction and capable of giving 
steady and continuous service. Moreover, it functions at temperatures below 
which the self-quenching type of Geiger tube will operate. 

Recent attempts have been made to improve the Geiger counter for field 
work by constructing large tubes or super-Geigers. The absolute efficiencies 
for gamma ray detection have been improved by a factor of five to ten at the 
most. Such attempts involve changes in the conventional material and geom- 
etry of the cathode but the inherent weakness of instability, however, is in- 
creased by the very nature of these changes. 


FIELD METHODS. 


Radiation grid surveys with the Scintillation counter were made over min- 
ing claims with observations recorded at 100-foot intervals over the less active 
portions. Wherever a significant increase in radioactive intensity was ob- 
served a much closer study was made. 

The work performed to date has indicated that radioactivity can be meas- 
ured accurately in zones of decreasing intensity outward from a pitchblende 
occurrence and hence “isorads”’ or lines of equal gamma-radiation intensity can 
be drawn. The unit of measurement of the gamma ray intensities was 5 x 10 
millirontgens per hour. 

THE NICHOLSON MINE. 


The property of the Nicholson Mines Limited is located on the north shore 
of Lake Athabaska in northern Saskatchewan, about two miles east of Gold- 
fields. Surface work had exposed a pitchblende-bearing vein near the top 
of a steep eastward-facing slope. 

Figure 1 is the radiation map covering the area of the main vein. Count- 
ing rates up to 250,000 per minute were recorded directly over the vein with 
zones of lesser intensities extending for 300 feet to the northeast away from 
the vein. This broad extent over which radioactivity was measured away 
from the vein to the northeast was due in part to the erosion and down-slope 
movement of radioactive material from the outcrop, an effect which has no 
doubt been augmented by trenching and mining activity ; but from the heights 
above and to the west, the increase in radioactivity was noted at a distance of 
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one hundred feet from the vein. This latter detection could not have been 
influenced by the products of erosion and, consequently, must be due either to 
the direct influence of the vein outcrop or to an increase in the radioactivity 
of the wall rock adjacent to the vein. 

Two zones of intense activity, not previously recognized, were mapped dur- 
ing this survey along the main zone. One of these appears to be an extension 
of the vein to the south, but offset fifty feet east probably by a fault. Some 
exploration trenching along the strike of the vein had missed this section en- 
tirely, the trenching having been done higher up the slope with negative results. 

Another new zone of intense radiation was located about 500 feet straight 
north of the main vein in a low swampy area. This will, no doubt, be investi- 
gated when mining development permits. 





NICHOLSON MINES LTD. 
GOLDFIELDS, SASK. 
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Fic. 1. Radiation survey of the Ivey and Peter claims, Nicholson Mines Ltd., 
Goldfields, Sask. 


A survey of the adjacent Jim claim on the Nicholson property indicated a 
hitherto unknown and very intense zone of radiation (Fig. 2) in the middle 
of a radioactive area 100 feet wide. Stripping operations uncovered a new 
vein of pitchblende under about six feet of overburden. This claim had previ- 
ously been gone over with a Geiger counter survey controlled by cut lines at 
100-foot intervals with negative results. 
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ROYBAR CONCESSION, GOLDFIELDS. 


The Roybar concession covers nearly a square mile about two miles north- 
east of Goldfields (Fig. 3). A grid survey along lines at 100-foot intervals 
with readings spaced 100 feet apart effectively covered this area except in 
localities of high readings. Eight areas of increased intensity were defined 
and a search for pitchblende directed to them except where geological evidence 
indicated another reason for the increase in intensity. For example, a traverse 
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Fic. 2. Radiation survey of the Jim claim, Nicholson Mines Ltd., Goldfields, Sask. 


crossing one of the basic sills gave a typically low reading, but the intrusion 
of granite dikes into such basic rock resulted in increased readings amounting 
to as much as ten times upon crossing the contact, which obviously was not 
due to pitchblende. 

The survey thus picked out and clearly defined all areas of increased radio- 
activity and eliminated a considerable amount of dead ground with consequent 
saving in time and effort in the prospecting of this concession. 
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NISTO MINES LIMITED. 


The Nisto Mines Limited property is on the northeast shore of Black Lake, 
Saskatchewan, about 115 miles east of Goldfields. Pitchblende was discovered 
in the Fall of 1948 on the rocky slope rising above the lake where a number 
of narrow veins are concentrated within zone 4,500 feet long and 600 feet wide 
(Fig. 4). This zone of fracturing occurs where a major fault, which runs for 
some miles along the shore of Black Lake, makes an abrupt change in strike 
of 10 or 15 degrees, the fracture zone being located on the outside of this bend. 
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Fic. 3. Radiation survey of the Roybar concession, Goldfields, Sask. 


There are three systems of veins. One of these occupies shears parallel 
to the trend of the foliation; a second at angles of about 20 degrees to this 
trend; and a third set occupying tension cross-fractures. A grid survey was 
made on lines 50 feet apart with readings at 25-foot intervals, and closer read- 
ings where necessary. 








172 GEORGE M. BROWNELL. 


The resultant map gave a pattern of radiation in which the isorads traced 
the continuity of bands and zones of radioactivity. The high points on the 
profiles constructed from the Geiger counter survey checked those on the radi- 
ation map very closely, but without the isorads any attempt to connect high 
points on successive profiles would have been misleading. 

The most useful application of the results of the radiation survey on this 
property lay in their comparison with geological observations, diamond drill 
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Fic. 4. Radiation survey over a portion of the property of Nisto Mines Ltd., 
Black Lake, Sask. 


logs, and other accumulated data, in an effort to determine some pattern or 
structural control of the mineralization; and also in the indication of hitherto 
unrecognized zones of radiation that should be further explored. 


POSSIBLE CAUSES OF RADIOACTIVE ANOMALIES. 


Radon Gas.—The occurrence of radon gas offers an explanation for anoma- 
lies encountered in field work in general. Radon gas is emitted by uranium 
as one of the short-lived (3.8 days) daughter-products of its nuclear disintegra- 
tion. This gas is extremely active as a source of gamma rays and is, in the 
main, responsible for the observed activity of the uranium ores. Where the 
ore is friable, it seems likely that a number of anomalies, otherwise difficult to 
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explain, may be traced to the activity of radon which has diffused from the 
ore body. 

The sandy soil overlying the new pitchblende discovery made on the Nichol- 
son Mines Limited property, for example, was found to be highly active. 
Samples of this soil were bagged and taken to the mine office where they were 
examined at intervals. The rate at which this sandy material lost its radio- 
activity indicated that radon gas contained within it was the cause of a portion 
of its activity. The high specific gravity of this gas would cause it to migrate 
readily down a slope, a point which may explain why the zone of highest in- 
tensity as first staked out on the surface was found to move a few feet upslope 
when stripping proceeded over the vein. 

High readings along cracks in exposed rocks, where no vein material is 
evident, may be due to radon gas moving or diffusing into such cracks. 

Commonly, spots of active radiation located by a Geiger counter have been 
blasted into, only to discover a very significant decrease in radioactivity follow- 
ing the excavation. Such occurrences may correspond to the dispersion of a 
near-surface accumulation of radon. 





Fic. 5. The first Scintillation counters were carried at the side with the rate- 
meter suspended in front. Left to right, R. W. Pringle, G. M. Brownell, K. I. 
Roulston, at Black Lake, Sask. 
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Potassium.—The element potassium is slightly radioactive due to the rare 
isotope K*°, and sufficiently so to cause the background of a Geiger counter to 
perhaps double its count when passing from an area of basic rocks to one 
underlain by potash granite. The crystal counter has registered increases as 
high as eight to ten times background when passing from greenstone to granite. 
The occurrence of a granite dike cutting rocks of lower potash content has 
been the cause of a number of local areas of increased activity recorded on the 
radiation maps. Pegmatite dikes may give still greater increases. 


FUTURE DEVELOPMENTS. 


The two Scintillation counters taken into the Lake Athabaska region in 
June, 1949, were test instruments (Fig.5). A number of changes were made 
as the need for such became apparent, but the instruments were in almost 
continuous use eight hours a day for seven weeks in rugged country that gave 
adequate proof of their usefulness and dependability. The data gained in thus 
testing the instrument under field conditions will be used in developing a com- 
mercial model which should be available early in 1950.* 

The development of a portable Scintillation counter will provide the pros- 
pector and the mining geologist and engineer with a more sensitive tool in the 
search for uranium than has hitherto been available. However, it still is 
merely a tool and its intelligent use demands an understanding of its limita- 
tions as well as its possibilities. A knowledge of the geological conditions is 
of prime importance in the use of an instrument because of its sensitivity to 
rocks with varying proportions of potassium. Possibly this factor may permit 
of its wider application as a geophysical instrument for the mapping of geo- 
logical formations. 
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3 The counter is manufactured by the Halross Instruments Corp., 171 Garry Street, Winni- 
peg, Canada. 





























DISCUSSION AND COMMUNICATIONS 


THE EMERALD ISLE COPPER DEPOSIT. 


Sir: Mr. Thomas, in publishing his paper on the Ore Deposits of the Wal- 
lapai District, Arizona (THIS JoURNAL, No. 8, Dec. 1949), could not have 
been advised of certain information concerning the interesting Emerald Isle 
copper deposit, which he describes at the end of his paper, because the facts 
were not fully demonstrated until 1949, whereas Mr. Thomas advises that his 
field work was completed in 1948. 

The Emerald Isle deposit having been known for many years, has been 
visited by a fair proportion of the active geologists of the United States; many 
of whom, like the writer, have long been puzzled as to the source of the abun- 
dant chrysocolla and other secondary copper minerals that have given the 
locality its name, and which coat the pebbles and occur in—and perhaps to an 
extent replace—the finer materials in the bottom layer, or horizon, of the Gila 
conglomerate or cemented alluvium that covers the bedrock of this pediment of 
the Cerbat Range. 

Interest in the occurrence is heightened by the wagon-drilling performed 
in 1947 and 1948 by Lewin-Mathes of St. Louis, which expanded the area of 
known chrysocolla-bearing material to the extent of indicating in the neighbor- 
hood of a million tons of gravel containing as much copper per ton, as is af- 
forded by much of the commercial ore being mined elsewhere in the state. 

Rather than to have unchallenged in the record the rather startling sug- 
gestion that this chrysocolla “resulted from deposition by ascending hypogene 
solutions that rose along one large and many small fissures and spread out 
into the adjacent alluvium,” the writer begs leave to contribute the following : 

Churn drilling by the Calumet and Arizona Company and development by 
many individuals and groups (some listed by Schrader), have demonstrated 
these many years that important, although probably non-commercial, amounts 
of disseminated copper are contained in “The Bronco” or mineralized belt asso- 
ciated with the granite-porphyry intrusions of Mineral Park, and covered by 
Mr. Thomas as the “Ithaca Peak disseminated sulphide deposit.” 

The higher elevation of this belt and the present occurrence of soluble 
copper in the run-off from it, through Mineral Park wash (to the extent that 
copper has been and is still recovered from it, by precipitation on scrap in 
certain seasons), has convinced many geologists that Emerald Isle chrysocolla 
originally derived from the sulphides connected with this mineralization a mile 
or more distant. 

This writer shared the skepticism of Mr. Thomas as to likelihood of the 
transfer, and still more of the localization, of the (circa) ten thousand tons of 
copper now known to exist in the secondary ore of Emerald Isle, from the 
Mineral Park disseminations; the more so as on the basis of present topog- 
raphy, higher bedrock separates the discharge of Mineral Park wash and the 
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Emerald Isle deposit, a mile to the north of it. No chrysocolla deposits are 
known to exist in the bottom of the Gila conglomerate in the area currently 
receiving the waters of Mineral Park wash. 

Equally unacceptable is the theory that the “vein” at Emerald Isle was 
the source of primary ore. The “vein” is one of a series of post-Gila faults 
that step down the pediment of the Cerbat Range and develop the graben of 
the Sacramento Valley, where the Gila and other agglomerate is very deep. 
Several of these faults are nearly parallel; and while only two are indicated by 
the topography, seismic work discloses others, successively stepping the bed- 
rock down to the west and deepening the overburden on the basal layer. 

As has been pointed out by several engineers, the “vein” ceases to be a 
vein below the depth at which it ceases to have the Gila conglomerate on one 
wall. Below its dip shift, the fault is unmineralized. Whatever the source of 
the copper,.the emplacement of the chrysocolla (and copper pitch) in its pres- 
ent position has been brought about by a process equivalent to that, under 
which the African and Australian laterites accumulate. Acid copper-bearing 
solutions have at certain seasons over a long period of years, trickled along 
the bedrock of this area and, as the rainy season yielded moisture to the pull 
of the sun, have been raised by capillary action into the lower layers of the 
gravel. Banding in the distribution suggests that certain of the layers con- 
tained a little calcium carbonate—as caliche—but not enough to exhaust the 
acid supply. Not only at the intersection of the “vein,” but also at other small 
slips and irregularities in the conglomerate, the capillary action and perhaps 
osmosis has sucked the green water higher along these avenues of better circu- 
lation and, as Thomas says, the“‘veinlets pinch out upward” and “the chryso- 
colla filling apparently was deposited by ascending solutions.” They ascend, 
however, only from the top of bedrock. 

As this conclusion, amply supported—in the writer’s judgment—by obser- 
vation in the present workings, leaves unanswered the ultimate source of the 
copper, Mr. Arthur Storke and the writer, last year, in behalf of Climax Mo- 
lybdenum Company and Newmont Mining Corporation, conducted geophysical 
surveys over the area, using a method that detects disseminated sulphides— 
whether of iron or copper. Briefly, the work resulted in the discovery of a 
large mass of “protore,” lving adjacent to and east of the chrysocolla deposit. 
This rock carries from 1% to 244% sulphide, and is too low in copper content 
to warrant drilling. At one small area, this remnant of a “porphyry copper” 
actually emerges east of the cover, and presents the gossan of a disseminated 
body of pyrite carrying perhaps 0.2% Cu. 

There is little doubt that this dissemination (extending over several hun- 
dred acres) constitutes the roots or protore of a more important—and possibly 
at one time commercial—“porphyry,” of which the secondary enrichment oc- 
curred, as elsewhere in Arizona, in pre-Gila time. Despite its destruction, the 
verdure deriving from its wasting chalcocite still adorns the residues of its 
former cap and enclosing host rocks. 

FRrepD SEARLS, JR. 

14 Watt Sr., 

New York Cry, 
Jan. 9, 1950. 
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RIBBON STRUCTURE IN GOLD-QUARTZ VEINS. 


‘This article (Econ. Grot., Vol. 44, No. 2) is a notable contribution to a 
controversial problem which has excited the intellectual ingenuity of many 
observers. Students of the problem are fortunate that a geologist with the 
wide field experience of H. E. McKinstry has found the opportunity and 
elicited the assistance to assemble and examine the evidence critically in lab- 
oratory and library and to present it in positive fashion. Because, as the 
authors state on page 88 of their article, the problem is world-wide in scope, 
wide acquaintance with outcrops and exposures of quartz veins in mines is 
of great value in attaining the perspective necessary to deal with the problem 
comprehensively. When to this is added skilled laboratory study, practical 
yet scientific perception, clever analysis of the ideas of others, and trenchant 
writing, the result is an exposition of high caliber. 

The conclusion reached by the authors that book and ribbon structure in 
mesothermal-hypothermal quartz veins have been formed by filling of parallel 
partings and more or less replacement, directly or indirectly, of contiguous 
wall rock by vein quartz is precisely the concept reached by me 33 years ago 
while studying the quartz lodes of Porcupine, Ontario. I concluded at that 
time: (a) That the filling of fissures which existed when quartz-depositing 
solutions first invaded the wall rock, and which were generally if not invari- 
ably tight or very narrow, was essential for the formation of the lodes; (b) 
that replacement by vein quartz and vein carbonates of the wall rock along 
the fissures accompanied fissure-filling to a variable degree, ranging from 
nearly no replacement to greatly predominant replacement; (c) that banded 
quartz veins and lodes, including but not restricted to veins having what has 
been called book structure or ribbon structure, resulted from filling of more 
or less parallel partings and more or less replacement by vein quartz and 
vein carbonates along the invaded partings; (d) that the mode of entrance 
of the quartz-cdepositing solutions was one of “insinuating penetration” rather 
than forcible disruption; (e) that although alternative processes were con- 
ceivable there was no evidence of their general activity. 

Observations of coarse-grained quartz veins in many parts of North 
America have since indicated that filling, coupled with replacement to vari- 
able degrees, are the universal basic processes by which such veins are formed. 
I agree without qualification with the authors’ thesis concerning the origin 
of most ribbon structure. I should add, however, that I recognize that de- 
formation and mineralizing processes may accentuate or otherwise modify 
ribbon structure produced initially by filling and replacement. 

The authors present logical specific objections to various alternative mech- 
anisms which have been advanced to explain how book and ribbon struc- 
ture in coarse-grained quartz veins have been formed. But even if such 
processes are conceded to be conceivable or evidenced in places, there is what 
appears to be a decisive objection to their acceptance as generally applicable 
explanations. This objection is that features cited as evidence for these 
processes may be absent in quartz veins where book or ribbon structures are 
well developed. Consequently, it seems apparent that more fundamental 
causes explain these structures. When, for instance, one observes sheared 











178 DISCUSSIONS AND COMMUNICATIONS. 


ribbon structure in one part of a quartz lode, and ribbon structure identical 
in all respects except that it is not sheared, in another part of the same lode, 
ascription of the ribbon structure to shearing becomes patently untenable. 
Also, when perfectly developed book structure is found in lodes devoid of 
evidence of intermineral disturbances the origin of such a structure by recur- 
rent opening strains all credulity. 

Although the authors are concerned particularly with the origin of ribbon 
structure, their article is in fact an exposition of the mode of formation of 
coarse-grained quartz veins under the special conditions that produce book or 
ribbon structure. If fissure-filling and replacement are tenable for the lamin- 
ated quartz veins they must also be tenable for unlaminated veins. The 
authors indicate this in their interesting discussion of the differences in quartz 
veins formed in shear and tension fractures. Abundant evidence supporting 
the role of replacement, in addition to that pertinent to laminated quartz veins, 
could be adduced. Students of the problem will be indebted to the authors 
if they will undertake to assemble a significant part of this evidence. 

As failure to depict the precise modus operandi of replacement by coarse- 
grained vein-quartz has been a weakness in the argument advanced by pro- 
ponents of replacement (however suggestive or convincing the tangible evi- 
dence may be) the discussion by the authors on page 107 of their article is of 
special interest. Recognition of the growth of coarse-grained quartz in the 
manner suggested would, if recognized as valid by petrographers, overcome 
some of the reluctance to accept the replacement origin of such quartz. 

The objections from considerations of chemistry which have been raised 
to replacement of aluminous rocks by coarse-grained quartz, including Hurst’s 
findings that silica has been removed from the wall rocks of Porcupine, seem 
to me, as they do to the authors, to be without force. It appears plain enough 
that wall rock alteration and replacement by vein quartz may proceed quite 
independently in time, in space, and as chemical systems. The authors point 
out (page 97) that “sericite-chlorite-carbonate alteration in many districts 
seems best explained as an advance phase of the mineralization process with 
deposition of ore and quartz following on its heels.” But even if the altera- 
tion of wall rock and deposition of quartz are contemporaneous, separation of 
the mineralizing solutions into fractions, parts of which permeate the wall 
rocks and produce such minerals as carbonates, sericite and chlorite and parts 
of which largely remain in fissures and produce quartz veins and associated 
minerals, seems adequate to explain their diverse effects. Thus, for instance, 
carbonatization of wall rocks, involving decrease of silica, may be brought 
about by relatively tenuous solution which has parted company from the more 
liquid quartz-depositing solution, the latter remaining in the main channelways 
and performing its work of replacement independently of the process of car- 
bonatization. This could be the case whatever may be the sequence of depo- 
sition of the quartz and carbonates. 

What may be regarded by some as a shortcoming of the authors’ paper is 
lack of detailed consideration of the mechanical pressing apart of wall rocks 
by the force of invading vein-forming solutions. The authors explain this 
omission in a footnote on page 108, stating that other authors have empha- 
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sized that the process calls for solutions of chemical improbability. Some 
may object, however, and I am inclined to be one of these, that we are not 
certain enough of the nature of the solutions responsible for the deposition of 
coarse-grained quartz veins to warrant discarding the inflation theory without 
scrutinizing the tangible evidence. Such scrutiny may show that what appear 
to be effects caused by vein solutions are in reality the result of pre-vein 
deformation with superimposed fissure filling and replacement. One of the 
most fruitful tests is to determine whether structures found near and in the 
veins are also found elsewhere; or whether structures which appear to have 
been caused by the emplacement of the veins are part of deformations with 
which the-formation of the veins can have at best only an indirect relation. 

The authors’ discussion should be a stimulus to observation and to re- 
examination of evidence and concepts. Those who have made investigations 
which to them indicate or prove that alternative processes are responsible for 
book or ribbon structure (as well as other features in coarse-grained quartz 
veins) have a new incentive to present their case. If it is to have the stamp 
of verity, the imaginative reconstruction of the dynamic from what is now 
static calls for painstaking attention to detail. Some writings on the mode 
of formation of quartz veins suggest that the author has not clearly visualized 
the consequences and implications of the process he espouses. No amount 
of fanciful thinking can take the place of detailed ascertainment of facts, fol- 
lowed faithfully no matter where they lead. 

ELLswortH Y. DouGHERTY. 
SEATTLE, WASH., 
Sept. 22, 1949. 








| { 





REVIEWS 








Industrial Minerals and Rocks, 2nd Edit. Pp. 1156; numerous illustrations. 
Completely revised. The American Institute of Mining and Metallurgical En- 
gineers, New York, 1949. Price, $8.00. 

When 27 technologists and scientists from industry, 9 professional consultants, 
13 specialists from Federal and State bureaus, and 4 University professors can be 
brought together to give of their expert knowledge and precious time to produce 
an authoritative encyclopedia covering a field as broad as that of industrial min- 
erals and rocks, it must be pronounced epochal. 

This is what was done in the production of the volume on Industrial Minerals 
and Rocks, second edition, completely revised. The volume has just been issued 
by the American Institute of Mining and Metallurgical Engineers with publication 
funds made possible by a grant from the Seeley W. Mudd Memorial Fund. 

Compacted into this book of 1156 pages are 51 subjects, all calling for special 
treatment, scientifically, technologically, economically, and in some cases politically. 
Each of the following subjects is apportioned a chapter: Abrasives, asbestos, 
barium minerals, bauxite, bentonite, bleaching clay, borax and borates, cement ma- 
terials, chalk and whiting, chromite, clay, crushed stone, diatomite, dimension stone, 
feldspar, secondary fertilizer minerals, fluorspar and cryolite, granules, graphite, 
gypsum, heat and sound insulators, lime, lithium minerals, magnesite and related 
minerals, manganese ore, mica, mineral fillers, mineral pigments, minor industrial 
minerals, monazite, native bitumens, nitrates and nitrogenous compounds, phos- 
phate rock, potash, precious stones, pumice and pumicite, pyrophyllite, quartz crys- 
tal, refractories, salt, sand and gravel, sillimanite group—andalusite, kyanite, silli- 
manite, dumortierite, topaz—, slate, natural sodium carbonate, and sodium sulphate, 
special sands, strontium minerals, sulphur and pyrites, tale and ground soapstone, 
titanium, tripoli and vermiculite. 

Information is tersely presented on the physical and chemical nature of the 
material, its characteristics, distinctions, properties, varieties, origin and mode of 
occurrence, prospecting and evaluation, recovery, utility requisites in all their 
aspects, specifications, economic factors affecting their use and value, competing 
and supplementary substances, tests, producing sources, preparation for the market, 
size of the industry, variety of products and their uses, foreign brands where 
pertinent, statistics on production and price history, historical data, and information 
on political and commercial control and reserves. Indeed, the book is a survey of 
the whole field, thoroughly done! It shows the competent guiding hand of the 
Editorial Board of the Industrial Minerals Division of the Institute. 

The book is richly documented with many valuable references on each subject 
and is well indexed. It is to be regretted that the space allotted to this review 
does not permit naming of the more than 50 authors to whom we are all indebted. 

It was most appropriate that the Seeley W. Mudd Memorial Fund, established 
by one of the Institute’s venerable members, Colonel Seeley W. Mudd, for the en- 
during benefit of young scientists and technologists in the mineral field, was em- 
ployed in the publication of this volume. 

Morris M. LEIGHTON. 

Ursana, ILt., 

Oct. 20, 1949. 
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“Uber die Bitumina und Harze Osterreichischer Braunkohlen. By Dr. Mont. 
Max Ussar, Leoben. Berg- u. Hiittenm. Monatshafte, Jg. 94, H. 1/2, 1948. 


The author of this article carried on this investigation of the resins found in 
Austrian lignite (brown coal) primarily for the purpose of determining the pos- 
sibility of their use economically in the manufacture of lacquers. In connection 
with the study, however, considerable thought was given to the value of variations 
in the resins as a possible key to the rank of the various lignites examined. The 
comments on coal metamorphism are of interest to geologists and so likewise are 
the conclusions in regard to the criteria for differentiating wax and resin. Since 
study of the low rank coals in America involves consideration of the ‘bitumens” 
this recently completed research in waxes and resins of Austrian lignite carried on 
at Leoben under the stimulating direction of Professor W. Petrascheck merits the 
attention of all coal geologists interested in the geology and utilization of low rank 
coals and in the coalification processes. 

In the early paragraphs of the article the chemical complexity of the bitumens 
is explained and the general character of the compounds obtained by organic analy- 
sis is pointed out. This line of inquiry was not pursued in the present study be- 
yond outlining the general status of information in regard to the compositions of 
the bitumens as it did not lead to the objective in mind. Having determined that 
certain solvents or mixtures of solvents permitted the resolution of the bitumens 
into waxy and resinous substances of various kinds, this type of fractionation of 
the bituminous material was investigated and then applied to the selected group 
of coals. 

Five kinds of coal material containing bituminous substances were recognized 
in the Austrian lignite: moor coal, xylite, “swell-coal,” “bitumen-bearing” wood 
(or coal), and pyropissite. These are commonly recognized types of brown 
coal in Germany, but exact counterparts have not been differentiated in America. 
(Xylite in brown coal corresponds to the vitrain (anthraxylon) of bituminous 
coal [Stach: “Lehrbuch der Kohlenpetrographie,” p. 24, referring to W. Gothan]. 
Moor coal is described by Potonié [“Einfiihrung in die allgemeine Kohlenpetro- 
graphie,” p. 7] is a brown coal without woody structure. ”Swell-coal” (Schwel- 
kohle) [Potonié, p. 8] is a common earthy brown coal with a high content of 
waxy material yielding montan wax or paraffin in dry distillation. ‘“Bitumen-bear- 
ing” wood appears to be a highly bituminous xylite, and pyropissite is a non-woody, 
commonly allochthonous, coal of high wax and resin content with very little or no 
woody material. These last three varieties of brown coal appear to be low rank 
equivalents of cannel coal. G.H.C.) 

The brown coals examined consisted of material from five mining regions and 
represented one to three types of coal from each bed as follows (p. 3): 


Housruck region: Burgstall mine, lower bed. “Swell-coal,” xylite, moor coal. 
Burgstall mine, upper bed. Xylite. 
Wolfsegg-Traunthal mine. Pyropissite. 
Voitsberg region: Zangtal mine. “Bitumen-bearing” wood, xylite, moor coal. 
K6flacher region. Rosental mine. “Bitumen-bearing” wood, xylite, moor coal. 
Piberstein mine (Franzen shaft). Xylite. 
Grazer basin: Weiz mine. Xylite. 
Ilz mine. Xylite. 
Karnten: St. Stefan mine (Levental), Sittenberg. Resin-enriched brown coal. 


The occurrence and character of the bitumens in the different types of coal are 
generally as follows: 
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In xylite, which shows wood structure, the bitumens occur in nests of rod 
shape and in droplets. In the moor coal similar rods and droplets are present 
along with discernible shreds of xylite. The “swell-coal” differs from the moor 
coal in the lighter color of the ground mass and bitumen material occurs in un- 
symmetrical nests of droplets some of which are angular in outline with fragments 
of xylite rarely observed. “Bitumen-bearing” wood is penetrated with bitumens 
like the xylite and also there are some unsymmetrical aggregates of rods and drop- 
lets. Xylite is not characterized by such penetration. In both types of coal there 
are occasional intermediate layers of very brittle resin with conchoidal fracture. 
The moor coals examined are said to be like those of upper Austria. 

The investigations demonstrated not only that there was a difference in the kind 
and in the amount of resins and waxes in the different types of coal material, but it 
likewise found variations in the nature of the individual resins. 

A large amount of detailed analytical data is supplied. This consists of the fol- 
lowing items: proximate and ultimate analyses (pure coal basis), coke analysis 
(Fisher-Schrader), specific gravity determinations, for the coal samples and for 
the bitumens, waxes, and resins, proximate and ultimate analyses, acid number 
(SZ), resin number (VZ) and the difference between the first two called difference 
number (DZ), and ratio of ester number to difference number (VZ/DZ), specific 
gravity, melting point and index of refraction at 15° C. The kinds of material so 
analyzed for each type of coal consisted of the bitumen extracted from coal by a 
1:1 mixture of benzol and alcohol and recovered by evaporation (pp. 4-5), using 
coal ground to 2 to 5 mm in general size, and also the fractions of the bitumen so 
obtained and designated as benzol soluble wax, aceton soluble wax, and a residue 
called pure resin. This pure resin, which actually still contained a little waxy 
material, was then fractionated to give the following materials: wax insoluble in 
ether, resin acid precipitated by CO, from a soda solution of the pure resin, resin 
acid precipitated by H,SO, from a soda solution of pure resin, resin acid precipitated 
from a potash solution of pure resin by CO, and then by H,SO,, the total amount of 
free resin acids ; the amount of residual resin with free acids eliminated, the amount 
of esterized resin acid, and unsaponifiable substance in the resin, which is an 
amount essentially representing the difference between the resin containing no free 
acids and the esterized acid. The fractions of the pure resins were not subjected 
to proximate and ultimate analysis as were the fractions of the bitumens as a whole. 

The data so determined for each of the coals examined provided the basis for 
the conclusions in regard to the nature of the resins and their adaptability for lacquer 
manufacture to take the place of imported resins, and also for certain generaliza- 
tions in regard to the apparent reaction of bitumens to the metamorphic processes. 
The conclusions with respect to the latter are seattcred here and there through the 
article and a considerable number of them are listed below. It is quite possible 
that not all the points are covered, as they are not systematically listed in the article. 

1, The brown coal resins of Austria are conifer resins (p. 18). 

2. The resins are not readily destroyed by bacterial action, being more resistant 
than other portions of the brown coal (or peat) (p. 23). 

3. No change from wax to resin or resin to wax is possible as these substances 
are fundamentally different (pp. 18, 22 

4. Resin can be differentiated from wax by the distinctly lower melting point of 
the resin (p. 13), usually less than 100° C, although occasionally as high as 115° C 
(p. 14). (This appears to be contrary to recent figures on melting points of com- 
mon waxes which are reported to vary between about 70° C and about 93° C. See 
Warth, “Chemistry and technology of waxes,” p. 486, Reinhold. G.H.C.) All 











ee 


ocd 


int 


ces 











REVIEWS. 183 


wax is golden yellow or light brown in color, the color not being affected by bleach- 
ing agents; resins are characterized by higher carbon and hydrogen and lower 
oxygen contents than waxes; resins have a lower acid number (p. 17). 

5. The sulphur in bitumens is probably derived from plants of a low order in- 
corporated in the brown coal deposits (p. 19). 

6. Resin of the xylite and moor coals has a similar origin in the leaves and 
needles of conifers; resins of “swell-coal,” “bitumen-bearing” coal and pyropissite 
are regarded as wood resins (p. 19). 

7. Concentration of resin in pyropissite and “swell-coal” is thought to be 
due mainly to differential elimination of the non-resinous part of the deposit by 
decay. This conception of differential destruction, concentration, and redeposition 
(allochthonous) provides a genetic connection between the varieties of brown coal 
(p. 19). 

8. The course of metamorphism is believed to be best revealed by variations in 
the relations of the saponification number to the ester number; the saponification 
number increasing with rank (p. 19). 

9. With increase in rank the melting point and index of refraction also in- 
crease. 

10. The changes in resin bodies by metamorphism involve isomerization, poly- 
merization, and saponification, which changes do not, however, destroy the resinous 
characteristics (p. 18). 

11. Depolymerization is also suggested by certain high melting points where 
higher temperatures and pressures have been effective (p. 19). 

12. The author’s Figure 1 shows graphically that the amount of free and ester- 
ized acids decreases systematically with rank increases in contrast to the increase 
in unsaponifiable substances. 

13. Recent resins, turpentine, and copals and the fossil resin known as amber 
fit into the general pattern. With increasing rank the fossil resins experience a 
condensation of existing free acids and esterized acids to unsaponifiable substances 
(Fig. 1, p. 20). 

14. Resins and waxes being very resistant substances are not liable to destruc- 
tion during geological time periods. Changes take place first in the direction of 
polymerization. This may be followed by depolymerization under the influence of 
oxygen, producing a material of higher melting point but still in both cases retain- 
ing its resinous attributes (p. 20). 

15. The resins of the Griinbach bituminous coal beds seem to be genetically and 
systematically continuous with the resins of the brown coal series (Fig. 1, p. 20). 

A discussion of the use of brown coal resins for lacquer manufacture indicates 
that the author favors such use. Resins thus used should have a melting point be- 
tween 70° and 130° C, resins of a lower melting point being too sticky; the acid 
number should be between 10 and 100 and ester resin between 15 and 40. Resins 
should have a low color number. The most favorable coal for resin extraction is 
pyropissite which has a resin content of 81% (p. 22), but such coal is rare and 
reliance will have to be placed upon coals with more moderate resin content. In 
general resin can probably be recovered as readily from brown coal as from conifer 
wood. The yellow color of resins makes their use impossible for colorless lacquers. 

The conclusions reached and the opinions expressed by Dr. Ussar concerning 
the metamorphism of bitumens obtained from coals, if they penetrate to the atten- 
tion of those interested in coal geology, should stimulate more intensive research in 
the field of low rank coal geology. The bitumens are one of the important con- 

stituents of such coal in Germany and Austria and in all probability are in this 
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country. Petrographic studies have rarely been extended to these coals except 
possibly for recent work by the Bureau of Mines on montan wax. Even though 
the conclusions reached by Dr. Ussar may not eventually be confirmed by research 
in this country, at least they will probably serve a useful purpose in stimulating 
the interest in the possible usefulness of the bitumens as a means for measuring 
metamorphism in weakly consolidated sediments. There is the further indication 
that the nature of the changes affecting the bitumens during metamorphism are of 
a general structural character irrespective of the actual composition of the com- 
pounds involved, and that such changes are not necessarily reflected in physical ap- 
pearance although they may be revealed by physical attributes such as melting 
point, index of refraction, and specific gravity. 
GriiBert H. Capy. 
ILLINOIS STATE GEOLOGICAL SURVEY, 
UrBANA, ILL., 
Sept. 30, 1949. 


Crystals and X-Rays. By K. Lonspate. Pp. 199; figs. 138; pls. 13; tbls. 7. 


a] 


D. Van Nostrand Co., Inc., New York, 1949. Price, $3.75. 


Dr. Lonsdale commences the Foreword to this book with the statement that it 
is not a textbook for advanced students of X-ray crystallography; the work is in- 
stead a semi-popular treatment of a difficult subject, “designed mainly to interest 
those who do not use X-ray crystallography but who might well do so; and to in- 
struct those who do use X-ray crystallographic methods without altogether under- 
standing the tool that has been put into their hands.” The book was first published 
in London in 1948; this edition appears to be a reprint without appreciable changes. 

An excellent historical introduction leads the reader rapidly through the develop- 
ments in morphological crystallography prior to von Laue’s great discovery in 1912, 
dwells sufficiently upon that discovery, and concludes with a review of several dec- 
ades of accelerating advances in the field. The following chapters cover generation 
and properties of X-rays, crystal geometry and X-ray methods of investigation, 
determination of crystal structure, determination of atomic and electronic distribu- 
tion, extra-structural studies, and finally the importance of the study of crystals. 
The last is perhaps the most interesting as it leads the reader through some of the 
accomplishments of X-ray crystallography. Obviously a brief treatment cannot 
cover every aspect of a many-sided subject; the author is commended for a varied 
selection of different matters in this chapter. 

A bibliography of textbooks, and indexes of subjects and of names add much to 
the usefulness of the book. 

Horace WINCHELL. 


j 
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Geologia de México. By VALENTIN R. GARFIAS AND THEODORE C, CHAPIN. Pp. 
202; figs. 6; tbls. 2. Editorial Jus, Mexico, 1949. Price, $2.50. 


Although Mexico has been studied repeatedly by geologists from all parts of 
the world, very few works have been written on the general geology of the country 
as a whole. Except for some articles, such as H. F. Bain’s paper in 1897, Hill’s 
“Geologic and Geographic Aspects of Mexico,” 1905-07, a sketchy geology of 
Mexico by Lozano Garcia in 1937, the section devoted to Mexico in Schuchert’s 
“Historical Geology of the Antillean-Caribbean Region” (1935), and Freuden- 
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berg’s book “Geologie von Mexiko” in 1921, all other research in Mexico—and it 
is very numerous as can be seen by the bibliography of 680 titles—has been devoted 
to a specific region or mineral deposit. 

Mexico, geologically, can be divided into two parts. Orographically, structu- 
rally and physiographically, Mexico is part of North America southward to what 
the authors calls the Sierra of the Volcanoes in south central Mexico, and thus is 
of particular interest to American geologists. South and southeast of this Sierra, 
Mexico is more closely related to Central America and the Antilles, being part of 
the structural belt that Hill called the “Orogenic Antillean System.” In this system 
of folding the fundamental mountain structures are aligned east-west, transverse 
to the mountain systems of North and South America. These fundamental struc- 
tures, however, are partially concealed by younger volcanic mountains. 

The Introduction is a general outine, dealing with the topography, physiographic 
divisions, and a sketch of the geological history. There are three main geological 
divisions: (1) the central part, with the Northern Mesa, Central Mesa, Eastern 
Sierra Madre, Western Sierra Madre, Sierra of the Volcanoes, and Sierra of 
Chiapas; (2) the Sierra of Lower California; and (3) the coastal plains, one along 
the Gulf of Mexico, the other along the Pacific. Each of these Sierras and plains 
is dealt with in sequence, each constituting a separate chapter, in which the authors 
present the topography, drainage, stratigraphy, structure, and historical geology. 

The illustrations show by plan and profile the physiographic and paleogeographic 
provinces of each geologic period, and there is an excellent black and white geologic 
map of Mexico. The bibliography at the end is up to date. The style is clear and, 
although not too detailed, the book is timely and should prove very useful as a 
reference basis for further investigations in Mexico. 





M. L. MIGNOoNE. 
Titanium, its Occurrence, Chemistry, and Technology. By JeLKs BARKSDALE. 
Pp. 591; figs. 15; tbls. 23. The Ronald Press Co., New York, 1949. Price, 
$10.00. 


This timely book makes its appearance just as everyone is making inquiries 
about titanium. Titanium compounds have long been used in minor quantities 
until titanium oxide captured the white paint market. Now the talk is about 
titanium metal—the coming metal of the future. Vigorous research is proceeding 
in several places to develop a satisfactory process for the production of the metal 
on a commercial basis. Only small quantities are now being produced and at a 
prohibitive cost. The metal is light, strong, and noncorrosive. A large field of 
usefulness awaits its commercial production. Also, the titanium center of the 
world will shortly lie in Quebec where an ilmenite deposit of 300 million tons has 
been developed at Allard Lake, and a large-capacity electric smelter is being 
erected at Sorrel. 

This book is the most comprehensive volume yet written on titanium and covers 
the sources, chemistry, technology and uses of this metal. Its 28 chapters deal 
with the discovery, occurrence, geology, deposits, ore production, chemistry, com- 
pounds, manufacturing methods, and pigment industry. The uses of titanium are 
dealt with in pigments, steel, non-ferrous alloys, ceramics, electrical industry, 
mordants, catalysts and other purposes. There are 78 pages of bibliography of 
titanium, the most complete yet assembled. 

The book should be in the hands of everyone interested in titanium. 
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A Textbook of Geomorphology, 2nd Edit. By Puitie G. Worcester. Pp. 
584; figs. 385. D. Van Nostrand Company, Inc., New York, 1948 (1949). 
Price, $5.25. ee 
This second edition follows its predecessor by about 10 years and includes the 

newer information that has become available within that time. Principles are 
clarified, illustrations are improved, errors have been caught up and material has 
been rearranged. The book is still planned for an introductory course in geo- 
morphology and debatable theoretical discussions are omitted. The subject head- 
ings are the same as in the previous editions, but new additions consist of data on 
submarine valleys and canyons, a chapter on elements and minerals, and revisions 
of sedimentary rocks. 


WE 
A Source Book in Greek Science. By Morris R. Conen anp I. E. DRABKIN. 


Pp. 579; maps and illustrations. McGraw-Hill Book Co., New York, 1948. 
Price, $9.00. ae 


This comprehensive volume unites the historians’ interest in the development of 
man’s knowledge with the scientists’ interest in the nature of things. It makes 
available the significant passages of Greek writings on science, including Latin 
contributions that reflect Greek thought. The treatment is by a presentation of 
extracts from classical writings chosen to represent the ancient development of 
thought. Sections are devoted to Mathematics, Astronomy and Mathematical Ge- 
ography, Astronomy, Physics, Chemistry and Chemical Technology, Geology and 
Meteorology, Biology, Medicine, and Physiological Psychology. It is a book every 
scientist will wish to have. 

Applied Hydrology. By K. Linsey, Jr., Max A. Kouter, ANnp JosepH L. H. 

Pautuus. Pp. 689; figs. 329; numerous tables. McGraw-Hill Series in Civil 

Engineering, McGraw-Hill Book Co., New York, 1949. Price, $8.50. 


This comprehensive book is meant primarily for engineering students and prac- 
ticing engineers, both as a text and a reference book. It treats of certain phases 
of physical geology and of the fundamental relations and- theories involved in 
hydrological phenomena and engineering and practical techniques. 

The chapter headings are as follows: Introduction; Climate; Temperature in 
the Atmosphere; Atmospheric Humidity; Winds; Precipitation; Snow, Ice, and 
Frost; Evaporation and Transpiration; Streamflow; The Basin; Surface Retention 
and Detention and Overland Flow; Soil Physics; Sedimentation; Groundwater ; 
Hydrograph Analysis; Runoff Relations; Runoff Distribution; Waves; Streamflow 
Routing; Design Criteria; Design and Operation of Water-control Works; River 
Forecasting ; 3 Appendices. 

The engineering data and the techniques for correlating hydrologic data in the 
solution of engineering problems make it a book that should be read by every 
engineer dealing with hydrology. 


BOOKS RECEIVED. 
CHARLES H. SMITH. 


U. S. Bureau of Mines—Washington, D. C., October-December 1949. 


Rept. Inv. 4542. Investigation of Oat Hill Mercury Mine, Napa County, 
Calif. Fremont T. JoHNsON AND SPANGLER Ricker. Pp. 23; figs. 5. 
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Data on diamond drilling done in 1943 and 1944; a brief history of deposit 
and some operating details. 


Rept. Inv. 4544. Diamond Drilling at the Rambler Copper Mine, Aibany 
County, Wyo. Joun I. KasteLer AND EuGENE Frey. Pp. 6; tbls. 2; figs. 


Rept. Inv. 4580. Investigation of the Ladd Manganese Deposits, San 
Joaquin County, Calif. M. E. Votin ann E. J. Matson. Pp. 14; figs. 14. 


Rept. Inv. 4595. Investigation of the Shady Valley Manganese District, 
Johnson County, Tenn. Amon F. Ropertson AND WILLIAM J. DEMPSEY. 
Pp. 9; figs. 18; tbls. 2. Manganese-bearing residual clay beds derived from 
the Shady dolomite. Results indicate ore bodies are small and spotty, and 
not adapted to gravity concentration. 


Rept. Inv. 4613. Investigation of the Yellow Pine Zinc-Lead Mine, Clark 
County, Nev. R. W. GEEHAN aNnp W. T. Benson. Pp. 15; figs. 18. 


Copper in California. Under Direction of OLar P. Jenxrns. Pp. 429; pls. 61; 
numerous figures and tables. Calif. Div. Mines Bull. 144, San Francisco, Dec. 
1948. A collection of considerable information in 3 parts: (1) detailed reports 
on the Foothill copper belt; (2) economics and treatment of ores; (3) tabulation 
of copper properties. An extensive bibliography. 

Kansas Geological Survey—Lawrence, 1949. 


Bull. 83. Divisions of the Pennsylvanian System in Kansas. Raymonp C. 
Moore. Pp. 203; figs. 37. Explains time-stratigraphic divisions of Penn- 
sylvanian system and embodies changes in the definition and naming of 
groups and sub-groups made in 1947. 


Bull. 84. Ground-Water Conditions in the Smoky Hill Valley in Saline, 
Dickinson, and Geary Counties, Kansas. Bruce F. Latra. Pp. 152; 
pls. 6; figs. 13; tbls. 15. 


Oil and Gas Investigations No. 8. Subsurface Geologic Cross Section from 
Barber County to Saline County, Kansas. Watiace Ler. Pp. 16; figs. 
3; 1 section. Includes a description of stratigraphy and structure. 


Twenty-Second Biennial Report, July 1, 1948-June 30, 1950, of the Mississippi 
Geological Survey. Wuitt1am Cuirrorp Morse. Pp. 10. University, July 
1949, 

Missouri Geological Survey—Rolla, 1949. 


Rept. Inv. 8. Geologic Relationships of the Ore Deposits in the Frederick- 
town Area, Missouri. Jack A. JAmes. Pp. 22; figs. 2; pls. 5. Study of 
the acid insoluble residue of drillhole cuttings established marker zones in 
Bonneterre dolomite. Most favorable host rock for lead mineralization 
found to lie below a silt marker sone. 


Inf. Circ. 4. The Mineral Industry of Missouri in 1946 and 1947 with Total 
Production Summarized. O.M. Bisuop. Pp. 90; figs. 6; tbls. 35. 


Geology and Economics of New Mexico Iron-Ore Deposits. V. C. KeLtey. 
Pp. 246; figs. 46; pls. 16. New Mexico University Publications No. 2, Albu- 
querque, 1949. Part I is introductory and general, dealing with the over-all 
history, output, value, geology, classification of deposits, reserves, economic 
features; Part II includes individual descriptions of districts and deposits. 
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Ohio Geological Survey—Columbus, 1949. 


Rept. Inv. 6. Sand and Gravel Resources in Northern Ohio. WILLIAM 
H. Smiru. Pp. 24; map 1. A brief description of geology of deposits, 
processing, specifications, etc., and a discussion of deposits by counties. 


4th Series, Bull. 47. Geology of Holmes County. Grorce W. Wuirr. 
Gas and Oil. Raymonp E. Lamporn. Pp. 373; pls. 5; maps 7. Physi- 
ography, stratigraphy and mineral resources described. 


Ohio Stream-Flow Characteristics. Pt. 1. Flow Duration. Wutiam P. 
Cross AND Ratpu J. BERNHAGEN. Pp. 138; pls. 19; tbls. 186. Ohio Dept. 
Nat. Res. Bull. 10, Columbus, 1949. Brief general description of each drainage 
basin and flow duration tables for all streams measured to date. 


A Review of Iron Bearing Deposits in Washington, Oregon, and Idaho. 
Cart ZapFFe. Pp. 89; pls. 5; tbls. 34. Raw Materials Survey Res. Rept. 5, 
Portland, 1949. Types of deposits described include contact metasomatic, hydro- 
thermal, sedimentary and residual. 18 deposits described and analyses given. 

Oregon Department of Geology and Mineral Industries Bull. 36. Pt. VI. 
Upper Eocene Foraminifera from the Toledo Formation, Toledo, Lincoln 
County, Oregon. JosepH A. CusHMAN, Roscoe E. STEWART, AND KATHERINE 
C. Stewart. Pt. VII. Quinault Pliocene Foraminifera from Western 
Washington. JosepH A. CusHMAN, Roscor E. STEWART, AND KATHERINE C. 
Stewart. Pt. VIII. Local Relationships of the Mollusca of the Wildcat 
Coast Section, Humboldt County, California, with Related Data on the 
Foraminifera and Ostracoda. Roscozr E. STEwart AND KATHERINE C. 
Stewart. Pp. 95; pls. 9; figs. 3; tbl. 1. Portland, 1949. Price, $1.25. 

Wanted: Mineral Industries Colleges. Epwarp Srempre. Pp. 116; figs. 19. 
Pennsylvania State College Bull. Circ. 35, State College, 1950. The story be- 
hind Pennsylvania’s School of Mineral Industries. 

Wyoming Geological Survey—Laramie, 1949. 


Geology and Petroleum Resources af Wyoming. Horace D. Tuomas. Pp. 
11; figs. 3; map 1. 

Bull. 41. Cordierite Deposits of the Laramie Range, Albany County, 
Wyoring. W.H. Newnouse anp ArtTHUR F. Hacner. Pp. 18; figs. 6; 
pls. 2; tbls. 2. Metasomatic replacement deposits formed along curved, 
closely spaced, parallel fractures in sheared metanorite. 

Bull. 42. The Geological History and Geological Structure of Wyoming. 
Horace D. THomaAs. Pp. 28; figs. 17. Lecture sponsored by the Distin- 
guished Lecture Committee of the American Association of Petroleum 
Geologists. 

Uppermost Cretaceous and Paleocene Floras of Western Alberta. \V. A. 
Bet. Pp. 229; pls. 67. Canada Dept. Mines Geol. Survey Bull. 13, Ottawa, 
1949. Brief descriptions of formations containing the plants, followed by de- 
tailed descriptions and plates of the species found. 

Ontario Department of Mines—Toronto, 1949. 


58th Annual Report, Vol. LVIII, Pt. IV, 1949. Geology of Garrison Town- 
ship. J. Satrerty. Pp. 33; figs. 8; map 1. Includes description of prop- 
erties and geological map on scale of 1 in. to 1000 ft. 

57th Annual Report, Vol. LVII, Pt. I, 1948. Pp. 93; tables. Statistical re- 
view of mineral industry for 1947; mining accidents in 1947, etc. 
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Quebec Department of Mines—Quebec, 1949. 


Geol. Rept. 39. Geological Reconnaissance of Peribonica River from Passe 
Dangereuse to Onistagan Lake, Roberval and Chicoutimi Counties. 
S. H. Ross. Pp. 20; pls. 8; maps 4. 


The Mining Industry of the Province of Quebec in 1947. Pp. 94; tbls. 35. 
Account of mining operations and statistical data. 


Newfoundland Geological Survey Bull. 35. Pp. 87; pls. 7; figs. 31; tbl. 1. St. 
John’s, 1949. Pt. I. Geology and Mineral Deposits of the Area Between 
Corner Brook and Stephenville, Western Newfoundland. THomas Nasu 
WALTHIER. Precambrian gneisses and schists, Cambrian and Ordovician sedi- 
ments, intruded by granite. Three periods of orogeny recorded during Paleo- 
soic. Marble only economic product, but evidence of sulfides. Pt. II. Geology 
and Mineral Deposits of the Area Between Lewis Hills and Bay St. George, 
Western Newfoundland. THomas Nasu WaALTHIER. Cambrian to Penn- 
sylvanian sediments intruded by gabbro. 


Report of the British Guiana Geological Survey Department for the Year 1948. 
Pp. 52. Georgetown. 1949. Includes reports on the gold and diamond areas 
by Bracewell, Dixon and Dove. 

Catalogue of Publications of the Geological Survey of India and Index of 
Geological Maps. Pp. 129. Mem. Vol. 77, Calcutta, 1948. 


Australia Department of Supply and Development—Melbourne, 1948-1949. 
The Australian Mineral Industry. Vol. 2, No. 1. Pp. 40. 
Summ. Rept. 4. Mica. H. B. Bowen anv N. H. Lupsroox. Pp. 34; figs. 
2; tbls. 16. Occurrences, production, consumption, and trade described. 
Summ. Rept 6. Fluorite (Fluorspar) and Cryolite. N. H. Fisuer, H. B. 
Owen anv N. H. Lupproox. Pp. 23; figs. 2; tbls. 7. 
Summ. Rept. 10. Chromium and Chrome Ore. C. L. Knicur anp N. H. 
Lupsrook. Pp. 27; figs. 3; tbls. 15. 
Summ. Rept. 17. Asbestos. L. C. Noakes anp N. H. Lupsroox. Pp. 40; 
figs. 2; tbls. 15. 
Summ. Rept. 18. Beryllium. C. J. Suttivan anp N. H. Lupsroox. Pp. 
17; tbls. 5; fig. 1. 
Summ. Rept. 20. Mercury. D. E. Garpner anp N. H. Lupsroox. Pp. 20; 
tbls. 11; figs. 2. 
Memoria del Ministro de Minas y Petréleos. José Extas pet Hierro. Pp. 50. 
Bogota, Colombia, 1949. Report of the Minister of Mines and Petroleum. 


Nota Preliminar sobre Algunos Hallazgos de Fésiles durante el Afio 1947 y el 
Mes de Enero de 1948. Saturnino J. Ictesias. Los Apticos del Jurasico 
de Mendoza (Ammonitoidea). Cartos Rusconi. Consideraciones Pre- 
liminares sobre la Cronologia de las Extructuras Paleozdicas de los Alrede- 
dores de La Quiaca (Departamento de Yavi, Provincia de Jujuy). Renato 
Loss. Pp. 28. University of Tucuman Pub. 456, Jujuy, 1948. 3 paleontologi- 
cal papers. 

The Geology of Water Supply. Cyri S. Fox. Pp. 209; numerous illustrations. 
The Sherwood Press, Box 1551, Main P. O., Washington 13, D. C. Price, 


$6.00. Deals with meteorological and geological considerations which affect 
rainfall and its subsequent utilization. 





SCIENTIFIC NOTES AND NEWS 


Joun W. VANDERWILT, well-known consulting geologist of Denver, has been 
named president of the Colorado School of Mines to succeed BEN H. Parker, who 
has submitted his resignation to take effect April 1. 


Esper S. Larsen III has been appointed Assistant Chief Geologist of the U. S. 
Geological Survey. 


The Association des Ingénieurs Sortis de l’Ecole de Liége has commemorated 
its Centenary by the organization of a Congress dedicated to the future of the Bel- 
gian industry. For the occasion the papers presented at the Congress have been 
printed into 23 volumes of scientific interest. Among the 60 papers dealing with 
geology there are 8 which deal with coal, others with lead-zinc, iron, manganese, 
fluorite, barite, and some more general with petrological, stratigraphical and struc- 
tural features, some of which will be reviewed later. Further information can be 
obtained from the General Secretary of the Association, Mr. Aristide Gillet, 12 
quai Paul Van Hoegaerden, Liége, Belgium. 


Donatp H. McLaucu_in, president of the Homestake Mining Co., was in- 
stalled as president of the American Institute of Mining and Metallurgical Engi- 
neers for 1950. 


CHARLEs F. Park, JR., has been appointed the new dean of the Stanford School 
of Mineral Sciences to succeed A. I. LEvorseNn, who will remain on the Stanford 
faculty as professor of Geology but who wishes to be freed of administrative work 
so that he can devote his time to teaching, and research in petroleum geology. 

CLARENCE L. Moony, division geologist for the Ohio Oil Company at Shreveport, 
La., has been elected president of the American Association of Petroleum Geologists. 
Other officers elected are: John Emery Adams, Standard Oil Co. of Texas, Midland, 
Texas, vice-president; Henry N. Toler, manager geological and land department, 
Southern Natural Gas Co., Jackson, Miss., secretary-treasurer; and Dr. Alfred H. 
Bell, geologist and head of the oil and gas division of Illinois State Geological Sur- 
vey, Urbana, Ill., editor. Toler and Bell were re-elected. Adams succeeds Theo- 
dore A. Ling of Toronto. The new officers will be installed following the annual 
convention of the association in the Stevens Hotel at Chicago, April 24-27. 


EzeEQuIEL OrpoNneEz died on February 8th in Mexico City. 














